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INTRODUCTION 


This is the second course in the Heathkit/Zenith Engineering Circuit Design 
Series. Prerequisites for this course include: 


1. Aknowledge of the techniques used to analyze DC and AC circuits. 
2. Aknowledge of elementary algebra. 
3. The ability to analyze and design basic passive circuits. 


The required prerequisite material is thoroughly covered in the Heathkit/Zenith 
Passive Circuit Design course. 


As the title implies, the principle objective of this course is to teach you how 
to design useful transistor circuits. To accomplish this objective, the course will: 


1. Describe device characteristics and define relevent parameters. 


2. Using simplified models, develop the appropriate AC and DC equi- 
valent circuits. 


3. Analyze the equivalent circuits to determine how various compo- 
nent values affect the operation of a given circuit. 


4. Follow the analysis examples with specific design examples that 
take you step-by-step through the actual design process. 


Perhaps the most unique feature of this course is the abundance of summary 
and design guides that are provided in Units 1 through 8. By referring to these 
guides, you should be able to design a multitude of useful transistor circuits. 


The information in Units 1 through 8 is complemented by thirteen hands-on experi- 
ments in Unit 9. The easiest way to perform these experiments is with the Heathkit/ 
Zenith ET-1000 Engineering Design Trainer — which contains all of the necessary 
functions to complete all of the experiments. 

| do hope you enjoy this course. As always learning is, and should be, fun. 


Sincerely 


Vincent SJ. Leonard dh. 
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COURSE OBJECTIVES 


When you complete this course, you should be able to: 


1. Analyze and design RC-coupled common-emitter, common-base, 
and common-collector class A voltage amplifiers. 


2. Analyze and design class A RC-coupled and class A transformer- 
coupled power amplifiers. 


3. Analyze and design class AB complementary symmetry power 
amplifiers. 


4. Analyze and design elementary differential amplifiers using 
constant-current source biasing techniques. 


5. Analyze and design a two-stage, RC-coupled voltage amplifier. 
6. Describe the characteristics of voltage-series negative feedback. 


7. Analyze and design common-source and common-drain voltage 
amplifiers. 


8. Predict the approximate lower and upper (F+ and Fo), cutoff fre- 
quencies for common-emitter voltage amplifiers. 
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PARTS LIST 


This list contains all of the parts for the experiments that you will perform with 
this course. The key numbers correspond to the numbers on the parts illustrated 
in the column. Some parts are packaged in envelopes. Except for this initial 
parts check, keep these parts in their envelopes until they are called for in an 


experiment. 
KEY PART QTY | DESCRIPTION 
No. No. 





1/2 — WATT RESISTORS 





A1 6-101 1 1000 
A1 6-181 1 1800 
A2 6-750 5 750 


1/4 — WATT RESISTORS 


A2 6-101-12 1 1000 

А2 6-102-12 2 1kQ 

A2 6-103-12 3 10к0 

А2 6-104-12 2 100к0 

А2 6-105-12 2 1м0 

А2 6-121-12 2 1200 

A2 6-123-12 2 12к0 

А2 6-151-12 1 1500 

А2 6-152-12 2 1.5kQ 

A2 6-155-12 1 1.5МО ЖЖ 
А2 6-182-12 1 1.8kQ £ 

A2 6-221-12 1 2200 

A2 6-222-12 3 2.2к0 

А2 6-223-12 1 22к0 

А2 6-224-12 1 220к0 

А2 6-225-12 1 2.2М0 

А2 6-273-12 2 27k. 

A2 6-274-12 1 270k. 

A2 6-332-12 2 3.3k0 

A2 6-333-12 2 33k 

A2 6-335-12 1 3.3M0 

A2 6-392-12 1 3.9k0 

A2 6-471-12 1 4700 

A2 6-472-12 2 4.7kQ 

A2 6-473-12 1 47kQ 

A2 6-561-12 2 5600 

А2 6-562-12 2 5.6КО 

A2 6-681-12 2 6800 

A2 6-682-12 1 6.8kQ 

A2 6-684-12 1 680ко Съз) a 
A2 6-822-12 1 8.2к0 p 
A2 6-823-12 1 в2кО 

АЗ 6-685-1 1 6.8МО, 1 watt > 
АЗ 6-100-2 1 100, 2 май 2 

АЗ 3-7-2 1 10, 2 watt 


мын ніні асым ыт ША 2 сы 





КЕҮ РАНТ ОТҮ DESCRIPTION 
No. No. - 
CAPACITORS 
aD 
A4 21-192 1 .1pF, 50V ceramic < SN 
A4 21-717 1 O14 F, 50V ceramic Y /р. > 
А5 25-892 1 470һЕ electrolytic ў > 
А5 25-900 1 ТЬЕ, 50V electrolytic Vp 
A5 25-868 3 АТҺЕ, 50V electrolytic 
A5 25-870 2 100,.Ғ, 50V electrolytic 
A5 25-881 3 104. F, 63V electrolytic 
A6 27-77 1 ҺЕ, 50V Mylar* 


TRANSISTORS — DIODE — LED 





A7 417-291 2 2N5458 
A7 417-801 3 MPSA20 
A7 417-818 1 MJE181 
A7 417-874 1 2N3906 
A7 417-875 2 2N3904 
A8 57-65 2 1N4002 
A9 412-640 2 Light Emitting Diode (LED) 
INTEGRATED CIRCUIT 
A10 442-22 1 741 op amp зай 
MISCELLANEOUS 
344-59 135 #22 white solid wire 
266-962 1 5-compartment container 
51-97 1 Transformer 
401-163 1 Speaker 


* DuPont Registered Trademark 
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IMPORTANT NOTICE g 


Newer Heathkit Electronic Design Experimenters use a 3-terminal 
power plug rather than the conventional 2-terminal power plug. If you 
are using one of these newer Trainers, and your test equipment (oscillo- 
scope, voltmeter, etc.) also uses a 3-terminal power plug, install a 3-wire 
to 2-wire adapter on the Trainer power plug. This will keep you from 
blowing a fuse in your Trainer or obtaining invalid results from some 
of the experiments. These adapters are inexpensive and readily avail- 
able at most stores. 


It is only necessary to use this adapter when you are using test equip- 
ment with 3-terminal power connectors. 


CAUTION 


Be sure that all of the pieces of equipment used in your experiments 
are connected to the same power source. 
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INTRODUCTION 


Circuit components are classified as being either passive or active. Passive com- 
ponents cannot provide a power gain — active components can. 


Some examples of passive components include resistors, capacitors, inductors, 
transformers, and diodes. Typical applications for passive components, discussed 
in Heathkit/Zenith Educational Systems Passive Circuit Design course EE-1001, 
include: 


Coupling circuits Clippers 

Bypass circuits Clampers 
Rectifiers Peak detectors 
Smoothing filters Voltage multipliers 
High-pass filter Low-pass filter 
Differentiators Integrators 

Lead circuit Lag circuit 


The transistor is an active device. Consequently, transistors can be used to provide 
a power gain. In addition, the transistor can provide a voltage and/or current gain, 
and function as an electronic switch. For these reasons, the transistor is a very ver- 
satile device. 


In this unit, you will begin your study of transistor circuit design by first reviewing 
the characteristics of PN junction diodes. This approach is desirable since bipolar 
transistors can be modeled as two back-to-back diodes. We will also discuss the 
major characteristics and parameters of bipolar transistors. 


In this unit, the terms “bipolar transistor”, BJT, and “transistor” refer to the same 
device. 


1-4 | UNIT ONE 


UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


1- 


2. 


Estimate the large-signal forward resistance of a semiconductor diode. 


Estimate the bulk, junction, and small-signal AC resistance of a semicon- 
ductor diode. 


Sketch the DC and AC equivalent circuits for a diode simultaneously driven 
from a large DC source, and a small AC source. 


Sketch the DC and AC load lines for a simple diode circuit. 
Describe the basic structure of BJTs. 
Identify the three BJT circuit configurations. 


Define the following BUT parameters: о, B, Ісво, Ісео. ВМвсо, BVcgo, and 
Vae. 


Determine when the effects of Ісво can be ignored. 


Sketch two equivalent BJT DC models. 
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UNIT ACTIVITY GUIDE 


Read section on “Diode Approximation”. 
Answer Self-Test Review Questions 1-10. 
Read section on “Bipolar Transistor”. 
Answer Self-Test Review Questions 11-20. 
Perform Experiment 1 in Unit 9. 

Study Summary. 

Complete Experiment 1, Unit 9. 


Complete Unit Examination. 


БЕП OS ПЕШТЕ OSB 


Check Examination Answers. 
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DIODE APPROXIMATIONS 


The transistor is a 3-terminal, solid-state amplifying device. There are two funda- 
mental transistor types: bipolar junction transistors (BJTs) and field-effect trans- 
sitors (FETs). 


In this unit on BJTs, the transistor will be examined from the point of view of 
a circuit element. Therefore, the physics of the transistor will not be discussed 
in any detail. If you are interested in a discussion of appropriate solid-state phys- 
ics, refer to the Heathkit/Zenith Educational Systems Semiconductor Devices 
course, EE-3103A. 


A transistor can be modeled as two back-to-back diodes. For this reason, we 
will begin our discussion of transistors by considering large-signal and small-signal 
diode approximations. 


Large-Signal Diode Approximation 


The junction diode is formed by joining P-type and N-type semiconductors as shown 
in Figure 1-1A. The schematic symbol and IV curve for a typical junction diode are 
illustrated in Figure 1-1B and Figure 1-1C respectively. 


In Figure 1-1C, note the models used to represent the diode in the various regions 
of the curve. From your knowledge of passive circuit design, you should recall the 
following important points: 


1. Мт = diode’s turn-on voltage. Typically, V+ = 0.3V for germanium 
diodes, and 0.7V for silicon diodes. 


2. ге = diode’s forward resistance. Since manufacturers list the for- 


ward diode current, lg, at a specified forward voltage, Ve, you can 
estimate re from: 


_ V. 
F = — Eq i) 


3. Rr = diode’s reverse resistance. For values of reverse voltage, Vn, 
less than the diodes zener voltage, Vz, you can estimate Rr from: 


V. 
Hue 8 (12 
ів 


where: Ir = reverse diode current. 


>. 





® 
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SYMBOL 





IV CURVE 


Figure 1-1 


The PN junction diode 
A. Junction diode 
B. Symbol 
C. IVcurve 
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Incidentally, both V+ and lg are temperature sensitive. As a rough 
guide: 


Ут decreases by approximately 2.4mV for each °C increase in tem- 
perature. Ің doubles for each 10°C increase in temperature. 


4. Vz = diode's zener or breakdown voltage. Normally, general-pur- 
pose and rectifier diodes are not operated in the zener region. 
Diodes specifically designed to operate inthe zener region are called 
zener diodes. Manufacturers list the values of zener voltage and 
zener resistance, rz, on the specification sheet for the zener diode. 


When diode circuits are designed, component values should be cho- 
sen to mask out the nonideal effects due to Ут, re, and Rr. As a 
guide, component values are selected so that: 


R > 20гє 


R< P 
RO 


Where: V = peak voltage driving the diode 
R = load resistance 


Example 1-1 


The circuit in Figure 1-2A is a half-wave rectifier. Con- 
sequently, the output voltage ideally appears as shown in Fig- 
ure 1-2B. Sketch the actual output voltage assuming a silicon 
diode is employed that has the following specitications: 


le = 100тА at Vr = 1V 
In = O.1u Aat Vr = —20V 


First calculate r= and Rp from the given specifications. 


V-Vr  1V-07V — 





{с mos et ee 2-40 
Е le 100mA 
VR 20V 
= = = 200М0 
Вя la ОША 399 


When the diode is forward biased, the peak current equals: 


Vm — V+ 20V — 0.7V 
oe кык сны Та A 
Im rg + В ЗО + 1MO eu 
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Thus, the peak output voltage is 19.3рА (1MQ) or 19.3V. 


When the diode is reverse biased, the input voltage divides between Rp and R. 
Thus, the peak output voltage is: 


— 20V (1MQ) 
o, 


= ОЯМ 
" 200М0 + 1М0 


Figure 1-1C illustrates the actual output voltage. Since the component values 


satisfy the inequalities given previously the real diode is an excellent approximation 
ofanideal diode. 


20V 


-20V 


HALF-WAVE RECTIFIER 


Voit) 





IDEAL OUTPUT VOLTAGE 


Figure 1-2 


v alt) Circuit and waveforms for Example 1-2 
0 A. Half-wave rectifier. 

B. Ideal output voltage 

C. Actual output voltage 





ACTUAL OUTPUT VOLTAGE 
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Small-Signal Diode Approximations 


The diode approximations introduced previously are referred to as DC, or large- 
signal, approximations. The term “large-signal” means that the DC or peak AC 
input voltage, as the case may be, is large compared to the diode’s turn-on 
voltage. 


When the amplitude of the input voltage is on the same order of magnitude 
as, or less than, the diode’s turn-on voltage, you have small-signal operation. 
Especially important is the case where the diode is simultaneously driven from 
a large DC and small AC source as shown in Figure 1-3A. The following is a 
summary of the operation of the circuit in Figure 1-3A. 


1. Тһе diode is forward biased by the DC voltage source. Assuming 
component values are chosen so that V, >> Ут and R >> ге, 
the average diode current essentially equals V+/R. This establishes 
the diode's quiescent operating point, Q, as shown in Figure 1-3B. 


2. On the positive half cycle of the AC input voltage, V, and v(t) 
are series aiding. Similarly, on the negative half cycle of the AC 
input voltage, V4 and v(t) are series opposing. Thus, the AC source 
results in a diode current that varies between points 1 and 2, above 
and below the quiescent value, Q, as shown in Figure 1-3B. 


In Figure 1-3B, note that for small changes in diode current, around the Q point, 
a linear relationship exists between the current and voltage. Consequently, as 
far as the small AC source is concerned, the diode acts like a resistance. This 
AC or dynamic diode resistance, rac, equals the change in diode voltage divided 
by the change in diode current. Stated mathematically: 


ГАС = (Eq. 1-3) 


AV 
ESTE 
Since the graphic method suggested by Figure 1-3B and equation 1-3 is tedious, 


we will introduce several approximate formulas that can be used to estimate 
ГАС. 


To begin, the dynamic resistance of a diode consists of two components — bulk 
resistance, гв, and junction resistance, г;. The bulk resistance includes the 
resistance of the semiconductor material and the contact resistance of the con- 
necting leads. As a rough guide, we will assume the bulk resistance of a typical 
junction diode is one ohm. Thus: 


Tg = 10 (Eq. 1-4) 
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V1 + Vm 
= R 
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Figure 1-3 


The concept of AC, dynamic, diode resistance 
A. Circuit 
B. ІУсшуе 
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As the name implies, the junction resistance is the effective resistance of the PN 

junction. The value of the junction resistance depends upon the amount of forward 

DC diode current. The theoretical value of a diode's junction resistance is given by: 
26mV 


п= = Egs) 


Where ір = forward DC diode current. 


In practice, the actual value of r; typically varies over a 2:1 range from 26mV/I, to 
52mV/le. Thus, for purpose of analysis and design, we will use the following “com- 
promise formula" to calculate r;: 


37mV 


lE 





j= (Eq. 1-6) 


Finally, combining Equation 1-4 and Equation 1-6 yields an approximate, but 
useful, formula for estimating the AC, or dynamic, diode resistance. Specifically: 


37mV 
ГАС = тее +10 (Ед. 1-7) 
F 
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Example 1-2 


Estimate the AC resistance of a semiconductor diode for the fol- 
lowing values of forward DC current. 1mA, 14mA, and 200mA. 


When le = 1mA, the diode’s junction resistance is: 


37mV _ 37mV | 
j= le 1mA 


370 





Assuming the diode's bulk resistance is 1, the AC diode resistance is: 
ГАС = rg +j = 10 + 370 = 380 


The result of similar calculations for І. = 14mA and 200mA are summarized in 
Table 1-1. 










cro 


TABLE 1-1 


Summary Of Calculations For Example 1-2 


Note in Table 1-1 that, for small forward currents, the AC diode resistance approxi- 
mately equals the junction resistance similarly, for large forward currents, the AC 
diode resistance approximately equals the bulk resistance. 
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DC and AC Equivalent Circuits 


You can analyze multi-source circuits with the superposition theorem. Recall from 
your study of basic circuit analysis, that, when you apply the superposition theorem, 
you must consider the effect of each source "acting alone". Also recall that the actual 
response equals the algebraic sum of the responses produced by each source act- 
ing alone. 


When you apply the superposition theorem to diode and transistor circuits, you must 
also consider the effects of coupling and bypass capacitors. Therefore, we will use 
the following procedures to obtain the DC and AC equivalent circuits. 
DC EQUIVALENT CIRCUITS 

1. Replace coupling and bypass capacitors by open circuits. 

2. Reduce AC sources to zero. 

3. Replace the diode by its large-signal model. 
AC EQUIVALENT CIRCUIT 

1. Replace coupling and bypass capacitors by short circuits. 

2. Reduce DC sources to zero. 

3. Replace the diode by its AC, dynamic, resistance. 
Once you have the DC and AC equivalent circuits, you can determine the appropri- 
ate DC and AC responses. Naturally, the actual response equals the algebraic sum 
ofthe DC and AC responses. 
Example 1-3 


For the circuit shown in Figure 1-4A. 
(a) Sketch the DC equivalent circuit. 
(b) Calculate the DC diode current and voltage. 
(c) Sketch the AC equivalent circuit. 
(d) Calculate the AC diode current and voltage. 


(e) Sketch the actual diode current and voltage. 
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@) 100uF 


20kQ 
3.8mV sin 6280t ST 
„=... 20.7V 


ORIGINAL CIRCUIT 





DC EQUIVALENT CIRCUIT 


© 


3.8mV sin 6280t 





AC EQUIVALENT CIRCUIT 


Figure 1-4 


Circuits for Example 1-3 
A. Original circuit 
B. DC equivalent circuit 
C. AC equivalent circuit. 
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(a) То obtain the DC equivalent circuit you open the coupling capacitor, reduce 
the AC source to zero and replace the diode by its large-signal model as 
shown in Figure 1-4B. Here, as is usually the case, you can ignore the diode’s 
forward resistance, r=, since the DC resistance in series with the diode is quite 
large. 


(D) InFigure 1-4B: 


E en TUNE ON ee 
ei od lal 20kQ d 
Vo = Vr = 0.7V = 700mV 


(c) To obtain the AC equivalent circuit you short the coupling capacitor, reduce 
the DC source to zero and replace the diode by its dynamic resistance, rac, 
as shown in Figure 1-4C. The value of racis estimated as follows: 


айшык mr рам + 10 = 380 








ГАС = 
lp 


(d)  InFigure 1-4C the AC input voltage is connected directly across rac. Thus: 


vp = 3.8mV peak 


. 3.8mV 
ipo 380 = 0.1тА peak 


(e) Тһе actual responses equal the algebraic sum of the DC and AC responses. 
Therefore: 
() = lo + ip = 1MA + 0.1mA sin 6280t 
v(t) = Vp + vp = 700mV + 3.8mV sin 62801 


Figure 1-5A and Figure 1-5B illustrate the sketches of diode current and volt- 
age respectively. Here, note that the AC responses “ride on” the DC levels. 
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(А) L(t) 





DIODE CURRENT 


vit) 


700тУ 


703. 8mV 





Ажо A ЧА Traci = t 
DIODE VOLTAGE 
Figure 1-5 

Sketches of diode current and voltage for Example 1-3. 


A. Diode current. 
B. Diode voltage. 
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Load Lines 


Graphic methods, using load lines, are especially useful for analyzing and design- 
ing transistor circuits. Since the diode provides an excellent opportunity to in- 
troduce the concept of a load line, we will do so at this time. 


THE DC LOAD LINE 


Figure 1-6A illustrates a simple diode circuit. Here, you can obtain approximate 
values for the diode current and voltage by using the large-signal approximations 
discussed previously. 


Assuming the diode’s IV curve, Figure 1-6B, is available, it is possible theoretically 
to obtain exact values of the diode current and voltage. For an illustration of 
the method, consider the loop equation for the circuit in Figure 1-6A. Here: 


Vcc — |В, — Vp = 0 
Solving for the diode voltage, Vp yields: 


Vo = Мес - Ви (Eq. 1-8) 


The variables in Equation 1-8, lp and Vp, are the same variables that are displayed 
graphically by the diode's IV curve. Also, since Equation 1-8 is a linear equation 
if | is plotted as a function of Vp, the resulting graph, called the DC load line, 
is a straight line. 


Recall that you can solve two simultaneous relationships in two unknowns by 
determining the point of intersection of their graphs. Consequently, for a particular 
value of Vcc апа В, the diode current and voltage correspond to the point of 
intersection between the DC load line and the diodes IV curve as shown in Figure 
1-6C. Here, you should note the following: 


1. Theverticalinterceptofthe DC load line equals Vcc/R, . 

2. The horizontal intercept of the DC load line equals Vcc. 

3. The point of intersection of the DC load line and the diode's IV curve 
is called the Q, quiescent, point. The values of current and voltage 
at the О point, Ipo and Vpo, are the theoretically exact values of the 


diode current and voltage. 


4. Theslope ofthe DC load line equals — 1/R, . 


Bipolar Transistors | 1-19 


у R 
cc = Ip L 


DIODE CIRCUIT 


IV CURVE 





0| Vog “сс 
PLOTTING THE DC LOAD LINE 


Figure 1-6 


The DC load line 
A. Diode circuit 
B. iVcurve 
C. Plotting the DC load line. 
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Example 1-4 


Work out the values of diode current and voltage for the circuit 
shown in Figure 1-7A. 


With Thevenin’s Theorem, you can reduce the circuit in Figure 1-7A to a simpler 
single-loop equivalent circuit. Thus: 


2V (200) 
guiar pad 
Rm = 200/200 = 100 

202 A 





CIRCUIT 


Ip (mA) 





0 Vp (V) 
050-097 ОО». 050 % b 


DIODE IV CURVE 


Figure 1-7 


Circuit and IV curve for Example 1-4. 
A. Circuit 
B. Diodes ІМ curve 
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The resulting Тһеуепіп equivalent circuit is shown іп Figure 1-8A. From this equiva- 
lent circuit, the intercept values of the DC load line are calculated as follows: 


FT = 100mA (vertical intercept) 


V 


T 
« 

d 
| 


= 1V (horizontal intercept) 


Next, you plot the DC load line on the diode's IV curve to determine the Q point 
values as shownin Figure 1-8B. Here: 


Ipo = 50mA 
Vpo = 0.64V 


Ipo and Vpo are the actual values of diode current and voltage respectively for the 
circuit in Figure 1-7A. 


® 


THEVENIN EQUIVALENT CIRCUIT 


Ip (mA) 










100 
Figure 1-8 
80 
Thevenin equivalent circuit and DC load line for Example 1-4. 
A. Thevenin equivalent circuit 
60 ! 
TET B. DCloadline. 
DQ ПА -------... < 
40 
20 


Vp (V) 


DC LOAD LINE 
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v(t) 


Vec = 


THE AC LOAD LINE 


Figure 1-9A illustrates a diode circuit driven from a large DC, Vcc, and small AC, 
v(t) source. Here, the value of capacitor C is chosen so that the capacitor provides 
good coupling at the frequency of the AC source. For this reason, the capacitor is 
effectively an AC short. Consequently, the AC load resistance as seen from the 
diode is: 


п = АЦА 


Since the capacitor acts like an open circuit for DC signals, the DC load resistance 
as seen from the diode is simply R. For this reason, the DC load line and Q point 
values are calculated as illustrated previously. 


By extending the DC load line concept, you can construct an AC load line as shown 
in Figure 1-9B. Here, you should note the following: 


1. The AC load line crosses the DC load line at the Q point, and has 
aslope of — 1/r.. 


2. Thevertical intercept of the AC loadline equals lpg + Voo/r, . 


3. The horizontal intercept of the AC load line equals Мос + Ipa п. 


The DC load line enables you to obtain a graphic solution for the DC diode current, 
Ipo, and DC diode voltage, Моо. Similarly, the AC load line can be used to graphi- 
cally determine the AC diode current. Our principle interest in the AC load line, how- 
ever, lies in its application to transistor circuits. For this reason, we will not discuss 
the AC load line further at this time. 


AC LOAD LINE, SLOPE = — 


bp 


CIRCUIT 
Vp 
Figure 1-9 
TheAC load line MEC 
A. Circuit. DQ + Ipq rL 


B. Plottingthe DC and AC loadlines. 


PLOTTING THE DC AND AC LOAD LINES 


1 


DC LOAD LINE, SLOPE Er 


L 


r 
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Self-Test Review 
1. In AC equivalent circuits, coupling and bypass capacitors are replaced by 
circuits. 
2. In DC equivalent circuits, coupling and bypass capacitors are replaced by 
es Сус: 


3. А diode driven from a large DC and small AC source acts like a 
—— — Pn tothe AC source. 


4. As a rough guide, the bulk resistance of a semiconductor diode is approxi- 
mately_ — 1 1 ohm. 


5. The junction resistance of a semiconductor diode depends on the diode's for- 
ward ___ current. 





6. The junction resistance of a semiconductor diode typically varies over a 
— range from the theoretical value. 


7. For any value of lf, гдс = — + 


8. The point of intersection of the DC load line and a diode’s IV curve establishes 
(the ae point: 


9. TheACloadline has a slope of — 


10. The DC load line has a slope of — 
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Answers 
Short 
Open 
Resistance 
One 


DC 


їв + rj 


Qor quiescent 


1/r_, wherer, is the AC load resistance. 


1/R,, where А, is the DC load resistance. 





BIPOLAR TRANSISTORS 


In this section, you will examine the structure, input and output characteristics, 
and selected parameters for bipolar transistors. In addition, appropriate models 
will be introduced that are used to analyze and design transistor circuits. 


Structure 


Bipolar junction transistors, BJTs, consist of NPN or PNP “semiconductor 
sandwiches” as shown in Figure 1-10A. Note that leads are affixed to each of 
the three semiconductor regions. These regions аге called the emitter, E, base, 
B, and collector, C, respectively. The boundary between P-type and N-type 
semiconductor materials is referred to as a junction. Consequently, BJTs are 
2-junction, 3-terminal devices. 


JUNCTIONS 





STRUCTURE 





DIODE MODELS 





SCHEMATIC SYMBOLS 


Figure 1-10 


Thetwo types of bipolar transistors - NPN and PNP. 
A. Structure 
B. Diode models 
C. Schematic Symbols 
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Recall that a junction diode is formed by joining P-type and N-type semiconductor 
materials as illustrated previously in Figure 1-1A. Consequently, BUTs can be mod- 
eled by two back-to-back diodes as shown in Figure 1-10B. 


Here, diode number 1 is called the emitter-base diode, while diode number 2 is re- 
ferred to as the collector-base diode. 


The schematic symbols for both NPN and PNP BJTs are shown in Figure 1-10C. 
Notice that the only difference between the NPN and PNP symbols is the direction 
of the arrow, which indicates the emitter of the device. Specifically, the arrow points 
away from the base in the NPN symbol and toward the base in the PNP symbol. 
In Figure 1-10B and Figure 1-10C, note that the current directions in the PNP tran- 
sistor are just the opposite of those in the NPN transistor. 


Biasing BJTs 


The term biasing means establishing desired values of DC currents and voltages 
for an electronic device. In order to use a BUT for amplification, a biasing scheme 
must be employed so that: 


1. Theemitter-base diode is forward biased. 
2. Thecollector-base diode is reverse biased. 


Figure 1-11 illustrates one way to provide appropriate bias voltages for an NPN 
and PNP BUT. In both Figure 1-11A and Figure 1-11B, the polarity of Vee is 
such that the emitter-base diode is forward biased. Similarly, the polarity of Vcc 
is such that the collector-base diode is reverse biased. Note in Figure 1-11 that: 


The current directions and voltage polarities of the PNP 
circuit are just the opposite of those in the NPN circuit. 


Initially, we will concentrate on the analysis and design of NPN circuits. Once 
you have mastered NPN circuits, the transition to PNP circuits will be relatively 
easy. 
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NPN CIRCUIT 





PNP CIRCUIT 


Figure 1-11 


Property biased BJTs showing current directions 
and voltage polarities. 
A. NPNcircuit 
B. PNP circuit. 


ММ. í 


BJT Circuit Configurations 


Many BJT circuits can be classified as common-base, common-emitter, or com- 
mon-collector circuits as shown in Figure 1-12. Here, one lead is connected to 
the AC signal source, and a second lead provides the take-off point for the AC 
output voltage. The remaining, third, lead is called the “common” and identifies 
the particular configurations. 





COMMON EMITTER 





COMMON COLLECTOR 


Figure 1-12 


Standard BJT circuit configurations. 
A. Commonbase. 
B. Common emitter. 
С. Соттоп collector. 
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Naturally, each configuration has its unique characteristics. These characteristics, 
and appropriate analysis and design methods will be discussed in detail in later 
units. 


Reverse Currents 


For each configuration in Figure 1-12, Vcc reverse biases the collector-base diode 
of the BUT. Opening the emitter circuit of Figure 1-12A produces the circuit shown 
in Figure 1-13A. Here, the collector current is simply the reverse current of the 
collector-base diode. Manufacturers list this reverse current as Ісво on the transis- 
tors data sheet. Note that current flows between the BJT terminals identified 
by subscripts C and B. Similarly, the O subscript indicates that the emitter terminal 
is open. 


If you open the base circuit in Figure 1-12B you obtain the circuit shown in Figure 
1-13B. Here, the collector current once again equals the reverse current of the 
collector-base diode. In this case, however, the reverse current is designated 
as Iceo since the base terminal is open. 


(&) OPEN 


E Re 





EMITTER OPEN (Ic = Ip gg! 


OPEN 





BASE OPEN {Ic тІсео! 


Figure 1-13 


Reverse BUT currents 
A. Emitter open (Іс = Ісво) 
B. Base open (іс = Iceo) 
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Basic Transistor Action 


N-type material is rich in negative charge carriers (electrons) and P-type material 
is rich in positive charge carriers (holes). Consequently, electrons and holes are 
referred to as majority carriers in N-type and P-type materials respectively. 


Since it is not possible to manufacture perfect semiconductor materials, N-type 
materials contain a small number of holes, and P-type materials contain a small 
number of free electrons. The electrons in the P-type material and the holes 
іп the N-type materials are called minority carriers. Table 1-2 summarizes the 
concept of majority and minority carriers for N-type and P-type materials. 


Minority 
Carriers 





Table 1-2 
Majority And Minority Carriers 


Bipolar Transistors | 1-31 


When a PN junction is said to be forward or reverse biased, it is important to realize 
that the forward or reverse biased condition applies only to the majority carriers. 
From the point of view of the minority carriers, the situation is the opposite. Specific- 
ally: 


1. Aforwardbiased PN junction is reverse biased with respectto minor- 
ity carriers. 


2. Areverse biased PN junction is forward biased with respect to minor- 
ity carriers. 


To illustrate statement 2 above, consider the circuit shown in Figure 1-14. Here, the 
PN junction is reverse biased by the external voltage source, Vcc. Consequently, 
majority carriers are prevented from crossing the junction. Note however, that the 
polarity of Vcc is such that the minority carriers are forced across the junction. For 
this reason, a small reverse current, Ip, flows in the circuit. 





Figure 1-14 


The movement of minority carriers across a reverse biased 
PN junction results in a small reverse current, ід. 
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p 


ELECTRONS 
leg 





Figure 1-15 


Basic transistor action for a NPN transistor in the 
common base configuration. 


Let's examine the action that takes place in the properly biased NPN transistor 
shown in Figure 1-15. Here, the operation of the circuit can be summarized as fol- 
lows: 


1. The emitter base junction is forward biased by the external voltage 
source Vee. Consequently, a steady flow of electrons, supplied by 
Vee, is injected into the base region from the emitter region. 


2. The collector base junction is reverse biased by the external voltage 
source, Vcc. Since electrons are minority carriers in P-type mate- 
rials, and since a reverse biased PN junction appears forward biased 
to minority carriers, most of the electrons injected into the base re- 
gion are swept across the collector-base junction. Typically, 95 to 99 
percent of the electrons supplied by the emitter flow through the col- 
lector region and into the external voltage source, Vcc. The remain- 
ing 1 to 5 percent of the injected electrons combine with holes in the 
base region. This establishes a small base current which flows out 
ofthe base region and into the externalcircuit. 


In order for the action just described to occur, the various regions of the BJT must 
be specially constructed. Specifically: 


1. The emitter region contains large numbers of majority carriers. This 
ensures that a large number of electrons will be supplied to the base 
region. 
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2. The base region is very thin and contains relatively few majority car- 
riers. This is necessary to minimize the combining of holes and in- 
jected electrons in the base region. 


3. Thecollector region contains moderate numbers of majority carriers, 
and is physically larger than either the base or emitter regions. This 
ensures adequate "collection" of the electrons swept across the col- 
lector-base junction. 


Although it is quite useful to model a BJT as two back-to-back diodes, the transistor 
action described previously does not occur if two discrete semiconductor diodes are 
placed back to back. This is because the P-type and N-type regions of semiconduc- 
tor diodes do not satisfy the special requirements necessary for proper BJT opera- 
tion. 


BJT Formulas 


At this point, we will introduce a number of formulas that are useful for the analysis 
and design of BUT circuits. In addition, we will use approximations in order to simplify 
the formulas as much as possible. With reference to Figure 1-15 then: 


The algebraic sum of the currents entering and leaving the BJT must equal zero. 
Therefore: 
lg = lg + lc (Eq. 1-9) 


Where: le, lg, and Ic are the DC currents in amperes, A, in the emitter, base, 
and collector leads respectively. 


In Figure 1-15, it is clear that internally, lg supplies current to both the base 
and collector regions. The ratio of lec to le is called alpha, a, and indicates the 
portion of the emitter current, le, that enters the collector region. Stated mathemati- 
cally: 


lec 
gen 


Also, since lec = Іс — Ісво, a, may be defined as: 


a= < = Eq 1-10) 
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Where: Ic and Ig are as defined previously, 
Ісво = reverse current in amperes, A, of the collector-base diode. 


Since Іс = lec + logo, and lec = a lg: 
Ic = ale zi Ісво (Eq. 1-11) 


In Figure 1-15, note that lg = le — lec — Ісво. Substituting alg for lec yields: 


ів = lg m: ale = Ісво 
lg -“ІЕ(1-о)-ісво (Eq. 1-12) 


The ratio of lec to leg is defined as beta, B. Substituting Іс — Ісво for lec, and 
lg T Ісво for les yields: 


lc — Ісво 
-2-“ — (Eq.1- 
lg T Ісво ( 4 3) 


Solving Equation 1-13 for the collector current, Ic, yields: 


lc — Ісво = Blg + В!сво 
Ic = Вів AP В!сво + Ісво 
Іс = Вів + Ісво(В + 1) (Еа. 1-14) 


Occasionally the following identities will also prove useful: 








, 
(Eq. 1-15) 1- = (Eq. 1-17) 


B+ 1 B+1 


R 
ll 


a 
1-а 


В = (Eq. 1-16) IcEO = (В + 1) !ceo (Eq. 1-18) 





By using one or more of the previous identities, you can derive numerous equivalent 
relationships. For example, substituting Equation 1-17 into Equation 1-12 yields: 


S Bae 





-leeo (Еа.1-19) 
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If you examine typical BUT data sheets, you will find the following important facts: 
1. Values of a typically range from 0.95 to 0.99. 
2. Вгагеіу has a value less than 20. 
3. Ісвоі5 small compared to Іс for silicon transistors. 


4. (В + 1) lcgo is small compared to Blg in most circuits that use 
silicon transistors. 


Based upon the previous observations, the following approximations are frequently 
employed. 


ais: 1 
B+1=B 


logo = 0 


By using one or more of these approximations, we can simplify most of the formulas 


given previously. Table 1-3 summarizes the original and resulting approximate for- 
mulas. 


Original Formula Approximate Formula 


lc — Ісво 
lg + IcBo 


іс = Blg + Ісво (В + 1) lc = Вів 
Іс = Вів + Iceo 
| 





TABLE 1-3 
Approximate BJT formulas 
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In many cases, the approximate formulas in Table 1-3 are sufficiently accurate for 
the analysis and design of BUT circuits. 


Example 1-5 


A silicon BJT has a B of 100, and an lcgo of 0.014A. Calculate 
the value of a, Ic and Ig assuming Ig = 1mA. 


We will calculate the various quantities using both the original and approximate for- 
mulas. 


B+1 101 
lc = ale + сво 


0.99 (1mA) + 0.01ҺҮА 


On 
1 





Ic = 0.990 01mA 
peer | 

LAN | Ее 
атаа 0.01рА 
P 277 : 

le = 9.89ҺА 


Now for the approximate formulas: 


«-1 Forthisreason lc-lg = 1mA 





Clearly, the values predicted by the approximate formulas are very close to the 


values predicted by the original formulas. As a guide, you can use the approximate 
formulas if: 


lE 





220 (Еа.1-20) 
Ше 
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Example 1-6 


A germanium BJT has a B of 100 and an Icgo of 1mA. Should 
you use the original or approximate formulas, if Ig is 1mA? 


In this case: 


le " 1mA - 10 
Blego  100(1nA) | 


Since 10 is not > 20, you should use the original formulas. Generally speaking, ger- 
manium transistors have large values of lceo compared to silicon transistors. 


BJT DC Parameters 


The data sheet of a particular BJT provides minimum, typical and/or maximum 
values for a number of BJT parameters. In this course, appropriate parameters will 
be introduced as required. In this section, we will briefly discuss the most important 
DC parameters. 


MAXIMUM RATINGS 


Like any electrical device, BJTs will be damaged or destroyed if the current, voltage 
or power is excessive. Consequently, you should never exceed the maximum rat- 
ings, usually specified at 25°C. Above 25°C, you should use appropriate derating 
factors to determine the maxmium rating at the elevated temperature as illustrated 
by the following example. 


Example 1-7 


For a certain transistor, the following information is provided 
under the Maximum Ratings portion of the data sheet. 


Maximum Ratings Symbol Value Unit 
Total Power Dissipation @ 25°C Pp 2 Watt 
Derate Above 25°C D 20 тИ/С 


What is the maximum power the transistor can dissipate at 
50°C? 
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The difference between 50°C and 25°C is obviously 25°C. Since the power must 
be derated by 20mW for each °C rise in temperature, we have: 


Р = Pose E DAT 
p= aw- 2000 ceo 
°C 
Р = 2W — 0.5W = 1.5W 
DC CURRENT GAIN 


This is the parameter B introduced previously. Data sheets use the symbol Nee 
to indicate the value of B. Typically, h== can vary by as much as 4:1 among 
transistors of the same type. In addition, for a given transistor, hee varies with 
temperature, emitter current, and time. 


LEAKAGE CURRENTS 


Ісво, Ісео. and lego are the symbols used to represent the various leakage cur- 
rents. Even though these currents are measured respectively with the emitter, 
base, and collector leads open, they can adversely affect the operation of a BJT 
circuit when the leads are not open. 


Data sheets almost always list the maximum value of Ісво. For transistors of 
the same type, Ісво can vary by as much as 100:1. In addition, for a given 
transistor, Ісво is sensitive to temperature changes. As a guide, Ісво doubles 
for, approximately, every 8°C rise in temperature. 


BASE-TO-EMITTER VOLTAGE 
For a given value of emitter current, the base-to-emitter voltage varies linearly 
by approximately — 2mV to —2.5mV per °C rise in temperature. Variations in 


Vee in turn produce changes іп the emitter and collector current. 


Techniques for stabilizing BJT circuits against variations іп hfe, Ісво, and Vee 
will be discussed in Unit 2. 


BJT Input and Output Curves 


The circuit shown in Figure 1-16A can be used to obtain both input and output 
curves for an NPN transistor in the common-base configuration. To obtain input 
curves, you can use the following procedure: 


1. Adjust Re to obtain a particular value of Vcg — for example 1V. 
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TEST CIRCUIT 





INPUT CURVES 





OUTPUT CURVES 


Figure 1-16 


Input and output curves for the common base configuration 
A. Testcircuit. 
B. Inputcurves. 
C. Outputcurves. 
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2. Adjust R; to obtain various values of le. For each value of le, note 
the corresponding value of Vee. 


3. Readjust Re to obtain a different value of Vcg — for example 10V. 
Then repeat step 2 for the new value of Vcg. 


In this manner, you can obtain data to plot the input curves shown in Figure 1-16B. 
Since the emitter-base diode of the BJT is forward biased, you should not be sur- 
prised that the input curves are virtually identical to the IV curve of a forward biased 
junction diode. 


In Figure 1-16B, note that the curve obtained when Vcg = 10V differs only slightly 
from the curve obtained when Vcg = 1V. Based on this observation, it should be 
clear that Vcg has only a minor affect on the BJT's input characteristics. Con- 
sequently, in most circuits, you can ignore the effects of Vcg on the input character- 
istics ofthe BJT. 


In order to obtain the output curves shown in Figure 1-16C, you can use the follow- 
ing procedure. 


1. Adjust R; to obtain a particular value of le — for example 1mA. 


2. Adjust R; to obtain various values of Vcg. For each value of Vcg, note 
the corresponding value of lc. 


3. Repeat steps 1 and 2 for different values of lg — for example 2mA, 
3mA, 4mA, and 5mA. 


The output curves in Figure 1-16C are in agreement with the approximate, formula 
lc = alg. Since a is only slightly less than 1, it follows that Іс should approximately 
equal le. This suggests that the BJT's output characteristics are essentially those 
of a dependent current source. Specifically, once the emitter current is fixed, the 
collector current essentially remains constant for wide variations in the collector-to- 
base voltage, Vcg. 


In Figure 1-16C, note that Vcg must be made slightly negative to completely reduce 
Ic to zero. This is an unusual feature of a common-base circuit, and occurs because 
of an inherent collector-to-base junction potential within the BUT. 
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In Figure 1-16A, the polarity of Vcg is such that the collector-base diode is reverse 
biased. Consequently, as Vcg is increased, eventually a point is reached where 
the collector base diode breaks down. Once this point is reached, the collector 
current increases sharply, and can destroy the transistor. The value of this collec- 
tor break down voltage is designated as BVcgo or Усво. Obviously, іп a given 
circuit, Vcg should never be permitted to equal or exceed the value of BVcgo. 


When le = 0, you have a situation that is essentially equivalent to an open emitter 
lead. For this reason, when lg = 0, lc = Ісво as shown by the bottom curve in Figure 
1-16C. For clarity, the value of Ісво has been exaggerated on the bottom curve in 
Figure 1-16C. 


A circuit that can be used to obtain both input and output curves for an NPN transis- 
tor in the common-emitter configuration is shown in Figure 1-17A. By following a 
procedure similar to the one used for the common-base circuit, you can obtain the 
input and output curves shown respectively in Figure 1-17B, and Figure 1-17C. 


Once again, the input curves are essentially those of a forward biased junction 
diode. The output curves in Figure 1-17C are in good agreement with the approxi- 
mate formula Ic = Bls. For example, since B is 100, you would expect lc to be 10mA 
when lgis 100pA. Similarly, when lg = 80рА, Ic should be about 8mA. These calcu- 
lations agree with the curves in Figure 1-17C. 
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Figure 1-17 


V (V) 
BE Input and ouput curves for the common emitter configuration. 


A. Testcircuit. 


INPUT CURVES B. Inputcurves 
C. Outputcurves 
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BJT DC Models 


The input curves of a BUT indicate that the BUT acts like a forward biased junction 
diode, when viewed from the emitter-base terminals. Similarly, the BJT's output 
curves indicate that the BJT acts like a current source, equal to Ic, when viewed 
from the collector-base terminals. For these reasons, a BJT can be represented by 
the DC equivalent circuit shown in Figure 1-18B. Here, note that: 


1. Theemitter-base portion of the BJT has been replaced by the large- 
signal model of a junction diode. 


2. The collector-base portion of the BUT has been replaced by two 
shunt current sources. Recall that the collector current, Ic, equals alg 
+ lego. Thus, each current source supplies one of the two compo- 
nents of the collector current. 


As discussed previously, lcgo is usually negligible compared to alg. Also, in most 
circuits r= is negligible compared to the external circuit resistance. Consequently, 
the equivalent circuit in Figure 1-18B can often be simplified as shown in Figure 1- 
18C. Here, it is assumed that a = 1, and that the transistor is a silicon transistor 
since Мт = 0.7V. 


E ——V € © o| þe n 


-- C 
0.7V Igz Ig 
B B 
NPN TRANSISTORS SIMPLIFIED DC MODEL 
Ic go 
V 
t o |1 с 

«Ig Figure 1-18 
2 BJT DC models based on the relationship Ic = alg + Ісво 

DC MODEL A. NPNtransistor. 


B. DCmodel. 
C. Simplified DC model. 
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The current sources in Figure 1-18В generate currents equal to ale and Icgo 
so that lc = ale + Ісво. Recall that an equally valid expression for the collector 
current, lc, is Іс = Вів + lcgo. Consequently, a BUT can also be modeled as 
shown in Figure 1-19B. Furthermore, if the effects of гє and Iceo are negligible, 


the simplified model of Figure 1-19C can be used to represent the DC equivalent 
circuit of the BUT. 


x 


NPN TRANSISTOR 
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Figuré 1-19 


BJT DC models based on the relationship lc = Вів + Ісео- 
A. NPNtransistor. 
B. DCmodel. 
C. Simplified DC model. 
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Example 1-8 


For the circuit shown in Figure 1-20A, estimate the values of 
Ig, lc and Vcg. Assume the effects of rr and Ісво are negligible. 


Using the simplified BJT model of Figure 1-18C, the DC equivalent circuit is 
sketched as shown in Figure 1-20B. Here: 


_12.7V-0.7V _ 12V 


E 12kQ. 12k. 


Since о-1 lc = lg = 1тА 


The voltage between the collector and base, Vcg, equals the collector supply 
voltage, 15V, minus the drop across the 5КО resistor. Thus: 


Vcg = 15V — 1mA (5kQ) = 10V 


12kQ 5kQ 





ORIGINAL CIRCUIT 





DC EQUIVALENT CIRCUIT 


Figure 1-20 


Circuits for Example 1-8. 
A. Original circuit. 
B. DC equivalent circuit. 
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Example 1-9 


Estimate the values of Ip, їс and Vcg for the circuit shown in Fig- 
ure 1-21A. 


The circuit in Figure 1-21A is drawn with “ground referenced notation”, in other 
words, the way it is conventionally drawn on a schematic diagram. For clarity, we 
have redrawn the circuit as shown in Figure 1-21B. Since the value of B is given, 
it is convenient to use the simplified BJT DC model of Figure 1-19C. Naturally we 
are assuming the effects of r= and Iceo are negligible. If this were not the case, you 
could use the BUT DC model of Figure 1-19B to analyze the circuit. 


The DC equivalent circuit is provided in Figure 1-21C. Here: 


pe rot OV а 
Шай Ym aM Sa 
Ic = Ble = 150(10нА) =1.5mA 


The voltage between the collector and emitter, Vce, equals the collector supply volt- 
age, 20V, minus the drop across the 10k resistor. Thus: 


Vee = 20V — 1.5mA (10k) = 5V. 


(А) 10.7V 20V 
10kQ 


1MQ 10kQ 
10.7V 


B=150 





IMQ В C 10к0 
© лар (түста Ғідиге 1-21 
В 
Circuits for Example 1-9. 
1057 У Ss = 20ү А. Originalcircuit. 


С. DC equivalent circuit. 


DC EQUIVALENT CIRCUIT 


— ] B. Redrawing the circuit. 
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Self-Test Review 

11. The emitter base junction of a BJT is normaly _______________ biased, and 
the collector-base junctionis . . 1. à . . biased. 

12. Iceg is —_____ than Icgo. 

larger/smaller 

13. Electronsare_ 7 carriers in P-type materials. 

14. Onadatasheetthesymbol. represents B. 

15. aisapproximately equal to __ 

16. When viewed from the emitter-base terminals, a BJT acts like a 

17. When viewed from the collector-base terminals, a BJT acts like a 

source. 

18. If the a of a BUT changes from 0.98 to 0.99, B will change from m 
to =R 

19. For a given type transistor B typically varies оуега — . . range. 

20. Ifthe base lead of a BUT is open lc = 
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Answers 


11. forward, reverse . forward biased diode 
12. larger . Current 

13. minority . 491099 

Tánh "213 


15. 1 





The solution to question 18 follows: 








1-a 
Thus, when о = 0.98 
ML 
Similarly, when a = 0.999: 
B- — = 99 


Notice that small changes in a produce large changes in B. 
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SUMMARY 


Junction diodes are formed by joining P-type and N-type semiconductor materials. 
The DC, or large-signal model of a diode is represented by the series combination 
of an ideal diode, the diode’s forward resistance, ге, and the diode's turn-on 
voltage Ут. 


When a diode is simultaneously driven from a large DC and a small AC source, 
the diode acts like a resistance to the AC source. This AC, dynamic, resistance 
consists of two components — bulk resistance, гв, and junction resistance, rj. 
You can estimate a diode's AC resistance by using the following formula: 


37mV 
lac = | +10 
Е 





When you analyze diode and transistor circuits, it is often necessary to obtain 
DC and AC equivalent circuits. In the DC equivalent circuit, capacitors are re- 
placed by open circuits, and the device is replaced by its large-signal model. 
Similarly, in the AC equivalent circuit, capacitors are replaced by short circuits, 
and the device is replaced by its AC, or small-signal, model. 


You can use graphic methods, using load lines, to analyze diode, and transistor 
circuits. The intersection between the DC load line, and the devices characteristic 
curve establishes the DC or quiescent operating point. The AC load line is useful 
for determining how a device responds to AC signals. You will encounter applica- 
tions for load lines in later units. 


BJTs consist of NPN or PNP “semiconductor sandwiches”. For normal operation 
of a BUT, the emitter-base junction is forward biased, and the collector-base junc- 
tion is reverse biased. Consequently, the current directions and voltage polarities 
in PNP circuits are just the opposite of those encountered in NPN circuits. 


Frequently, BJT circuits are classified as common-base, common-emitter, or com- 
mon-collector circuits. In each case, one lead is connected to the AC signal 
source, and one lead is used as the take-off point for the AC output voltage. 
The remaining lead is termed the “соттоп”, and identifies the particular config- 
uration. 


BJTs operate by the processes of injection, diffusion, and collection. The forward 
biased emitter-base junction majority carriers are injected from the emitter region 
into the base region. Since the base region is thin and has few of its own majority 
carriers, the injected carriers rapidly diffuse, or spread out, in the base region. 
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Finally, most of the injected carriers are swept across the reverse biased collector- 
base junction where they are effectively collected by the relatively large collector 
region. 


Various parameters and formulas used to describe the operation of BUTS were 
introduced in the unit. Important parameters include о, В or Nee, Vee; lcgo. Iceo, 
BVcgo, and ВУсео. Definitions for these parameters are provided in appropriate 
sections in the unit. Many of these parameters vary widely from one BJT to 
another. In addition, Vgg, Ісво, Iceo, and hfe are very temperature sensitive. 


Table 1-3 summarizes the most frequently used BJT DC formulas. By using the 
formulas for 1с given in Table 1-3, two equivalent DC models for the BUT were 
developed. Examples illustrating the use of each model are provided in the unit. 


Complete Experiment 1 in Unit 9 at this time. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1. A BJT has an Ісво of 150nA and ап heg of 100. The value of lcgo is 


therefore: 
A. 150nA. 
B. 1.5nA. 
C. 15.154A. 
D. 1.5mA. 


2. A diode has a DC current of 2mA. The dynamic resistance of the diode 
is therefore approximately: 


A. 19.50. 
B. 00, since the diode is forward biased. 
C. of), 
D. Depends on whether the diode is Ge or Si. 
З? In Figure 1-22, the DC load line would have a vertical intercept of: 
A. 4mA. 
B. 6mA. 
C. 8mA. Е 
D. 10тА. 
Мо оу: Ry =2kQ 
Figure 1-22 


Circuit for questions 3 and 4. 


4. In Figure 1-22, the DC load line would have a horizontal intercept of: 


OV. 

20V. 

ool, 

Depends on the diode’s turn-on voltage. 


ooo» 
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In Figure 1-22 the DC load line has a slope of: 


А. 1/20КО. 

B. —1/20КО. 

C. 1/5kQ. de 
D. -1/5k0. 


20V 


5kQ 
0.1V 
PEAK 

f-10kHz 





Figure 1-23 
Circuit for questions 5 and 6. 


Іп Figure 1-23, the AC loadline has aslopeof: 


A. -1/20К0. 
B. -—1/5k0. 
C. —1/4КО. 
О. —1/25k0. 


Leakage currents can be considered negligible if: 


А. о>1. 

В. Ісво = (сео: 
C. le/Blcso2 20. 
D. B>20. 


The ratio of lc to Ів essentially equals: 


А. Hee. 
B. a. 

С. «+1. 
D. Be 


Small changes in о produce: 


Small changes in B. 
Moderate changes in B. 
Large changes in B. 

No changes in B. 


ooo» 
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10. Thethinnest region of a BUT is the: 


A. Emitter 
B. Base. 

C. Collector. 
D. Anode. 


11. Which of the following varies linearly with temperature? 


A. Nee 
B. Ісво 
C. Iceo 
О. Vee 


12. BJT maximum ratings are usually: 


Stamped on the BJT case. 
Not available. 

Specified at 25°C. 
Specified at 75°C. 


oom» 


19. Тһе thickest region of a BUT is the: 


A. Emitter 
B. Base. 

C. Collector. 
D. Anode. 


14. The output curves for the common-emitter configurations show the relation- 


ship between the BJT's: 
A. Ic, lg and Vce values. 
B. 1с, ls and Vcg values. 
C. le, Ic and Veg values. 
D. le, lg and Vce values. 
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EXAMINATION ANSWERS 


1- C — Iceo = (В + 1)lceo. 
lceo = (101) (150nA) = 15.15, А 


37mV 


F 





2. A— ГАС = +10 


37mV 
по = Foe +10 19.60 





3. D— The vertical intercept of the DC load line is Vcc/R,. Thus: 
Vcc _ 20V — 
R Q 

4. В — The horizontal intercept of the DC load line is Vcc. Thus: 
Vcc = 20V 


5. В — The DC load line has a slope of — 1/R,, where В, is the DC diode load 
resistance. Thus: 


1 
20к0. 


6. С-- Тһе ACloadline has a slope of — 1/r, where г, is the AC diode load resis- 
tance. Thus, inthis case: 


һ = 20КО]5КО = 4k? 
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10. 


13. 


14. 


C — Small changes in a results in large changes in B. 
B — The base region of a BJT is very thin, and lightly doped. 


D — For both silicon and germanium BJTs, Vae decreases by approximately 
2 to 2.5mV for each °C rise in temperature. 


C — Maximum ratings are usually specified at 25?C. 
C — The collector region of a BJT is the thickest region. 


A — The corresponding values of Іс and Vcg are plotted for various values 
of Ip. 


UNIT 2 


BIASING SCHEMES 


2-2 | UNIT TWO 


CONTENTS 
Ы ЫЫ Т ОЕ Л “е Раде 2-3 
Unit Objectives T". . Жылын О С» E ыт Раде 2-4 
Unit Activity ете сен а Т Ты Ж” Раде 2-5 
Base ЕС "GI CHI SS TINE oa seg LO ге Page 2-6 
Quasi-Stable Biasing. Circuits ............................... Page 2-38 
Stable Biasimng ОТСО 7" ғо. Pos a t hs os s. Page 2-61 
Summa! уэ um U же... sm =. жазба ees s Ке Б Page 2-97 
ШИЛЕХаптипайО[ coo saco EOE u. m. uum. S EB ee Page 2-99 


Biasing Schemes | 2-3 


INTRODUCTION 


The first step in designing a transistor circuit is to select a suitable operating 
point for the transistor. The purpose of the biasing circuit is to establish the desired 
operating point. 


In this unit, you will study the most frequently encountered BJT biasing circuits. 
Since the common-emitter circuit is used more extensively than the common-base 
and common-collector circuits, our discussion emphasizes common-emitter bias- 
ing techniques. 


Numerous summary guides are included at appropriate points in order to simplify 
the analysis and design process. Once NPN biasing circuits are covered, a discus- 
sion of complementary PNP circuits is presented. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


1. Analyze and design the following biasing circuits using NPN transistors: 


Base bias. 

Emitter feedback bias. 

Collector feedback bias. 

Collector and emitter feedback bias. 
Voltage divider bias. 

Emitter bias. 


2. Sketch complementary PNP biasing circuits. 
3. — Sketch PNP circuits as they usually appear on schematic diagrams. 


4. Analyze and design complementary PNP biasing circuits. 
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UNIT ACTIVITY GUIDE 


Read section on “Base Bias Circuits". 

Answer Self-Test Review Questions 1-10. 

Read section on “Quasi-Stable Biasing Circuits”. 
Answer Self-Test Review Questions 11-20. 
Perform Experiment 2 in Unit 9. 

Read section on “Stable Biasing Circuits’. 
Answer Self-Test Review Questions 21-27. 
Perform Experiment 3 in Unit 9. 

Study Summary. 


Complete Unit Examination. 


(Pwo Г Bs 1 E] Ша Och 


Check Examination Answers. 
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BASE BIAS CIRCUITS 


In the previous unit, the transistor was discussed as an isolated circuit component. 


This unit examines the transistor as an important part of a more complex DC 
Circuit. 


The purpose of a biasing circuit is to establish an appropriate DC operating point 
for the transistor. Consequently, we will begin our discussion of biasing schemes 


by considering the range of possible DC operating points within which a particular 
BJT can operate. 


Modes of Operation 


A BJT can be biased to operate in any one of three possible regions or modes: 
cutoff, saturation and active, or linear. Recall that this concept was briefly in- 
troduced in Experiment 1 of Unit 9. The important characteristics for each region 
are summarized in the following sections. 


CUTOFF 


In this mode, both the emitter-base and collector-base junctions are reverse 
biased. Consequently, except for a relatively small reverse current, the transistor 
is nonconducting and Ic=0. In a common-emitter circuit, the collector-to-emitter 
voltage, Vcg, is maximum. The value of Vcg is determined by component values 
іп the external circuit. Since 1с=0 and Vcg is maximum, the transistor acts like 
an open switch when viewed from the collector-emitter terminals. 
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SATURATION 


In this mode, both the emitter-base and collector-base junctions are forward 
biased. For this reason, the transistor conducts heavily, and Іс is maximum. Тһе 
value of lc is determined by component values in the external circuit. Ideally, 
Vcg = OV. In real circuits, Vcg is typically a few tenths of a volt for general 
purpose BJT's. Since Іс is maximum and Vce~=0, the transistor acts like a closed 
switch when viewed from the collector-emitter terminals. 


ACTIVE 


In this mode, the emitter-base junction is forward biased and the collector-base 
junction is reverse biased. The active region is the normal mode of operation 
for linear transistor circuits. This type of circuit is emphasized in this course. 


In the active region, values of Іс and Vcg fall within the extremes of Ic and Vce 
characteristic of the cutoff and saturation regions. For this reason, the transistor 
acts like a resistance, equal to Vcg/lc, when viewed from the collector-emitter 
terminals. In addition, the emitter and collector currents are directly proportional 
to the base current since, in the active region, le~lc=Blp. 
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Увв Vice 


ORIGINAL CIRCUIT 





REDRAWING THE CIRCUIT 


Figure 2-1 


Base bias. 
A. Original circuit. 
B. Redrawing the circuit. 


Base Bias Analysis 


The common emitter circuit in Figure 2-1A illustrates base bias. This is one of 
the simplest ways to bias a BJT. The circuit is easy to redraw to emphasize 
the base and collector loops as shown in Figure 2-1B. Here, by applying Kirch- 
hoffs voltage law to the base loop, and starting at point A and going around 
the loop in a clockwise direction, yields: 


— Vpa + leRe + Ves = 0 (loop 1) 


Solving the base loop equation for the base current, Ip, you obtain: 


Ves — М 
lg = me (Eq. 2-1) 
в 
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Typically, Vse is small compared to the base supply voltage Vas. Consequently, 
the value of lg is essentially "fixed" by the value chosen for Rg. For this reason, 
base bias is also referred to as fixed bias. 


Assuming the effects of Icgo are negligible, the collector current, Іс, equals: 
lc = Bls = lg 


Applying Kirchhoff's voltage law to the collector loop, by starting at point B and 
going around the loop in a counterclockwise direction, yields: 


—Vcc + IcRe + Vcg = 0 (loop 2) 


Solving the collector loop equation for the collector-to-emitter voltage, Vcg, you 
obtain: 


Vce = Мес - IcRe (Eq. 2-2) 


The variables in Equation 2-2, Іс and “се, are the variables displayed graphically 
by the BJT's output, or collector, curves. Consequently, Equation 2-2 is the equa- 
tion of the circuits DC load line. As you recall, the DC load line represents all 
possible DC operating points for a given circuit. One end of the line corresponds 
to the saturation mode and the other end to the cutoff mode. 


In the saturation mode, Vce equals Vcg(say and Ic equals lc(sag. A typical value 
Of Vcg(say can be obtained from the BJT's data sheet. Substituting Vcg(say for 
Усе, and lc(say for Іс into Equation 2-2 yields: 


VcE(sat) = Vcc - !с(заубс 


Solving for Icsat) you obtain: 


Мос — Vee(sat) 


Eq. 2-3 
Rc (Eq. 2-3) 


lcisat = 


For a given circuit, Equation 2-3 predicts the maximum possible DC collector 
current. 


In the cutoff mode, Іс equals Iceo, and “сє equals Усе(сл). Substituting Мсессш) 
for Vce, and lcgo for Іс into Equation 2-2 yields: 


Усвсм) = Vec - lceoRc (Eq. 2-4) 
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For a given circuit, Equation 2-4 predicts the maximum possible DC collector-to- 
emitter voltage. 


The points on the DC load line corresponding to saturation and cutoff intersect 
the collector curves at lg = leisan and lg = 0 as shown in Figure 2-2A. Here, 
the minimum value of base current, Івѕаг), required to produce saturation is: 


l 
lum = == (Eq.2-8) 


Since Ic(sat) is the maximum possible DC collector current, values of lg larger 
than Issa) do not produce values of Іс larger than Ісѕа). Consequently, the re- 
lationship Іс = Bls is not valid for values of lg larger than 1в(5ау). 


All points on the DC load line between saturation and cutoff are in the BJT's 
active region. Typically, when used as an amplifier, the transistor is biased to 
establish a DC operating point at, or near, the middle of the load line as shown 
in Figure 2-2B. Here, the following points should be noted. 


1. The subscript Q is employed to indicate the values of collector 
current, Ico, and collector-to-emitter voltage, Vcgo, at the operating 
point. 


2. TheDC load line has a slope equal to — 1/Re. 


3. The DC load line crosses the vertical axis when Vce = 0. Con- 
sequently, the value of the vertical intercept can be calculated by 
substituting Vce = 0 into Equation 2-2. Specifically: 


0- Vec – IcRc 
Solving for Ic yields: 


іс = Voc (vertical intercept) 
Re 
4. The DC load line crosses the horizontal axis when Ic = 0. There- 
fore, the value of the horizontal intercept can be calculated by 
substituting lc = 0 into Equation 2-2. Thus: 


Vce = Мос (horizontal intercept) 
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Ig = Ig (sat) 





VCE (sat) AMAN 


Ісео 


SATURATION AND CUT OFF POINTS ON THE DC LOAD LINE. 


Ic 






Ip = Ig (sat) 


A QUIESCENT, Q, OPERATING POINT IN THE ACTIVE REGION. 


Figure 2-2 


The DC load line. 
A. Saturation and cutoff points on the DC load line. 
B. A quiescent, Q, operating point in the active region. 


Comparing Figure 2-2A with Figure 2-2B, you can see that the value of Ic at 
the vertical intercept in Figure 2-2B is only slightly larger than lc(say in Figure 
2-2A. Similarly, the value of Vcg at the horizontal intercept in Figure 2-2B is 
only slightly larger than Vcg(a in Figure 2-2A. For these reasons, lc(say and 
Vcg(cut) are closely approximated by the vertical and horizontal intercept values 
respectively. Stated mathematically: 


V 
lcisat = "RE (Eq. 2-6) 


Vc&cu) = Veo (В. 2-7) 
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In effect, since Vcg = 0 at saturation, then lc(say represents the collector current 
that flows when the collector is shorted to the emitter. Similarly, since lc = 0 
at cutoff, then Усе(ол) represents the collector-to-emitter voltage if the collector- 
emitter is open circuited. Consequently, you can estimate lc(say by “mentally” 
shorting the collector-emitter terminals and noting the resulting value of Ic. In 
the same way, you can estimate Усе(ол) by "mentally" opening the collector- 
emitter terminals and noting the resulting value of Vcg. These rules are especially 
useful for analyzing more complex biasing schemes. 
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A summary of the various modes of operation, and relevant formulas, is provided 
in Table 2-1. You should review the material presented this far to make sure 
you understand how to derive the formulas in Table 2-1. The following examples 
illustrate the analysis of base biased circuits. Study them carefully. 


оше | Original Formula Approximate Formula | comment | 


lg = 0 ---- Collector and emitter 
lc = le = lceo lc = le = 0 terminals approximate 
Усесш) = Мес — lceo Rc Усе(ом) = Мес an open circuit. 


Ig > laisan --- Collector and emitter 
| Voc — Vce(saty terminals approximate 
Е Вс а short circuit. 


Voce = Vce(sat) 


Mode 
Ves — V 
Б = — Operating point is 
qe Br usually near the 
dica Э ЕЕ middle of the load 


Ус = Vcc — lcRc lin 





TABLE 2-1 


Summary of modes and formulas for the common-emitter 
base-biased circuit in Figure 2-1. 
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Урв = 6.7V Усс = 12У 


(56 


Rp =1.2MQ Rc = 6.8kQ 





CIRCUIT 


(V) 





DC LOAD LINE 


Figure 2-3 


Circuit and load line for Example 2-1. 
A. Circuit. 
B. DC load line. 


Example 2-1 


The silicon transistor in Figure 2-3A has a negligible value 
of Ісео. Estimate the DC collector current and DC collector-to- 
emitter voltage. Also sketch the DC load line and indicate the 
location of the DC operating point. 


First calculate the DC base current. Keep in mind that for a silicon transistor 
the turn-on voltage, Vr, is .7V. In our circuit, Vse = Vr. 


———————===ш=|#% 


_ Vaa- Vee _ 6.7V — 0.7V 


е КЫМ А 
š Rs т2ма E 


Since hee = B, the DC collector current is: 
іс = Ві = 200(5pA) = 1mA 


The collector-to-emitter voltage equals the Vcc supply voltage minus the drop 
across Rc. Thus: 


Vcg = Усс - IcRc 
Vcg = 12V - 1mA (6.8kQ) = 5.2V 


The coordinates of the Q point are Ica = 1mA, and Vcgg = 5.2V. The intercepts 
of the DC load line correspond, approximately, to Іс(ва) and Усе(ол). Therefore: 


VcE(cu) = Мос = 12V 


A sketch of the DC load line is provided in Figure 2-3B. Since the calculated 
value of the collector current, 1mA, is less than lc(say, 1.76тА, the operating 
point for this circuit is in the active region. For the sake of simplicity, the collector 
curves are not shown in Figure 2-3B. 
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12V 


® 


3kQ 


CIRCUIT 


Veg (V) 





DC LOAD LINE 


Figure 2-4 


Circuit and load line for Example 2-2. 
A. Circuit. 
B. DC load line. 


Example 2-2 


Sketch the DC load line for the circuit shown in Figure 2-4A. 


Work out the coordinates of the Q point for the following 
values where Rg = c, 565kf2, 282.5kQ2 and 100k. 
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The circuit examined previously used two DC sources to bias the transistor. One 
source, Vss, forward biased the emitter-base junction and the second source, 
Voc, reverse biased the collector-base junction. The circuit in Figure 2-4A is an 
example of a single-supply base-bias circuit. The single-supply circuit can be 
treated as a "special case" of the two-supply circuit, where Vag = Vcc. Con- 
sequently, the formulas derived previously are applicable to the single-supply 
circuit. 


To sketch the DC load line, you must first determine the intercept values as 
follows: 


СТЕ Na т 
cm Т {га GRO 


Væ = Мос = 12V 


Consequently, the load line appears as shown in Figure 2-4B. Note that the 
maximum possible DC collector current is 4mA. 


Rg = 00 
When Вв = «=, it is obvious that lg = 0. Assuming lcgo is negligible, |с also 
equals zero, which places the transistor in the cutoff mode. Thus, the coordinates 


of the Q point are: 


са = 0 


Vcea = Voeg = 12V 
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When Нв = 565КО, you have: 
= oo pA 
Ic = Вів = 100(20ҺА) = 2mA 
Væ = Vcc - lcRc 


Voe = 12V - 2mA(3kQ) = 6V 


Note that the calculated value of Іс, 2mA, is less than lcay, 4mA. Thus, the 
operating point is in the active region at: 


Ico = 2mA 
Re = 565kQ 
Vcea = 6V 
Rs = 282.5kQ 
In this case: 
Ves — Vee 12V — 0.7V 
lg = ————— = ———_ = 40 
Е Вв 282.50 БА 


Ic = Ble = 100(40рА) = 4mA 
Ус = Vcc — IcRe 


Voce = 12V - 4тА(ЗКО) = OV 


Reducing Rg from 565k. to 282.5kQ increased the base current just enough 
to place the operating point in the saturated region. Therefore, the coordinates 
of the Q point are: 


lco = Іс(өзі) = 4mA 
Re = 282.5kN 
Vcea = Vce(sas = OV 


Вв = 100КО 


Proceeding as before you have: 


Ic = Ble = 100(113pA) = 11.3mA ? 
Vce = Vcc - IcRe 


Усе = 12V — 11.3mA(3kQ) = —21.9V ? 
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Note that the calculated value of Ic, 11.3mA, is larger than Icisaty, Which is 4mA. 
Also note that the calculated value of Vcg is negative. Since the maximum possible 
DC collector current cannot exceed 4mA, something is clearly wrong. Also, it 
should be apparent that Vce cannot be negative since the DC supply voltage, 
Усс, is positive with respect to ground. Specifically: 


When the calculated value of Ic is larger than lc(say, the calculated value 
of Vcg for an NPN transistor will be negative. This indicates that the transis- 
tor is saturated. Consequently, the actual values of Ic and Vcg respectively, 
arelc = lc(sat) and Vcg = VcE(sat) = OV. 


Recall that when Ав was 282.5КО, lg was 40рА; which was just enough to saturate 
the transistor. If Rg is less than 282.5КО, lg will naturally be larger than 405A. 
However, since Іс(ва), or 4mA, is the maximum possible DC collector current, 
values of Rg less than 282.5kO cannot produce values of Ic larger than 4mA. 
Consequently, once the transistor is saturated, the approximation Ic = Bls is 
no longer valid. In any event, when Rg = 100КО, the О point values are: 


со = lctsat) — 4mA 
Вв = 100КО 
Vcea = VcE(sat = OV 


Figure 2-5 shows how the operating point moves from cutoff to saturation as 
Вв is decreased from o» to 100k. 








282.5 kQ 


1mA 
Вв = œ% (cutoff) 


/ 


Vcr (v) 


Figure 2-5 


Operating points for various values of Rg in Example 2-2. 


2-20 | UNIT TWO 


9v 


Rg эко 


Ғідиге 2-6 


Circuit for Example 2-3. 
Example 2-3 


In Figure 2-6, what value of R is required to just saturate the 
transistor? 


When saturated, Іс equals Vcc/Rc, or 3mA. Since hre = 150, the minimum base 
current required to produce saturation is: 
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Since Veg = 9V and Vge is approximately 0.7V, the required value of Ав via 
Ohm's law is: 





Мааш М 
Resan = TEET (Eq. 2-8) 
9V — 0.7V 


415КО is the maximum value of Нв that saturates the transistor. Naturally, values 
of Rg less than 415k0 also produce saturation. 
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Switching Circuits 


As you will soon see, the simple base bias that we have just discussed is rarely 
used in linear transistor circuits. Recall that in linear transistor circuits, the Q 
point is in the active, or linear, region. 


® 


Усс 


Rc 
vg Vo 
Vi 


; @ vin RB А | - M VEC (sat) = OV 
0 


OUTPUT VOLTAGE 
INPUT VOLTAGE Ус, $ RL 


| 


ORIGINAL CIRCUIT 





VEG жее 


J 


EQUIVALENT CIRCUIT WHEN v ру = 0V 


Re Vo = Vcg (sai) © OV 





EQUIVALENT CIRCUIT WHEN vi = Усс 
Figure 2-7 


An elementary BJT switching circuit. 
A. Originaicircuit. 
B. Equivalent circuit when vin = OV. 
C. Equivalent circuit when vin = Voc. 
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Applications for base bias are usually restricted to switching or digital circuits 
— where the transistor functions as an electronic switch. To illustrate this concept, 
consider the circuit shown in Figure 2-7A. Here, the DC voltage source, Ves, 
has been replaced by an input voltage, ум, whose value is restricted to either 
O volts or Vi volts. 


The operation of the circuit in Figure 2-7A is straightforward and can be sum- 
marized as follows: 


1. When ум = OV, lg = 0 and the transistor is cut off. Since no 
collector current flows, the transistor acts like an open switch as 
shown in Figure 2-7B. In this case, the output voltage via the volt- 
age division principle is: 


VccRL. 
Rc + R. 





о = 


2. When vn = Vi, sufficient base current flows to saturate the transis- 
tor. Thus, the transistor acts like a closed switch as shown in Figure 
2-7C. Here, note that: 


Vo = VcE(sat) = ОМ 


Since the output voltage is high when the input voltage is low, and vice versa, 
the circuit in Figure 2-7A is usually referred to as an inverter. 


Switching Speed 


One of the most important characteristics of a switching circuit is its ability to 
switch rapidly between the cutoff and saturation modes. Factors that affect switch- 
ing speed include: component values, stray capacitance and inductance, the spe- 
cific circuit configuration, the type of transistor used, and the current and voltage 
levels in the circuit. 


The time required to switch from cutoff to saturation is primarily determined by 
the particular transistor characteristics and the amount of base drive. A large 
base current, lg > lesan}, helps to minimize the turn-on time. 


The turn-off time is the time required to switch from saturation to cutoff. Due 
to storage time, it takes longer to turn a transistor off than it does to turn it 
on. In any event, by using transistors specifically designed for switching applica- 
tions — appropriately called switching transistors — it is possible to obtain switch- 
ing speeds in the nanosecond range. 
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Designing Simple Switching Circuits 


The inverter circuit discussed previously has the load connected in parallel with 
the transistor. In Figure 2-8, the load is connected in series with the transistor. 


Note that the LED is the series-connected load in Figure 2-8A. 


Үсс 
(А) Rs 
LED 
R 
B 
Vy 
LED DRIVER 
у 
ce AC SOURCE 


RELAY DRIVER 


Figure 2-8 


Typical BUT switching applications. 
A. LED driver. 
B. Relay driver. 
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The following examples illustrate how to design each circuit. 


Example 2-4 


Design an LED driver similar to the one shown in Figure 2-8A. 
The LED has a forward voltage drop of 2V, and requires approx- 
imately 35mA to obtain normal brilliance. The transistor used 
for the design is a type MPS-A20 BJT, whose minimum value 
of Век is 40. The DC supply voltage, Vcc, is 12V. The input 
voltage, V;, that should light the LED is 5V. 


The design involves selecting appropriate values for Rg and Rg. Since the LED 
voltage drop, 2V, is less than the DC supply voltage, 12V, Rs serves as a series 
dropping resistor. The function of Rg is to ensure that sufficient base current 
flows to produce saturation when V4 = 5V. 


Rs 2у 


Vec 7 V MIT types Ù 


E 





Figure 2-9 


Equivalent circuit when V, = 5V for Example 2-4. 


Assuming V4 — 5V, the transistor is saturated. Consequently, when viewed from 
the collector-emitter terminals, the circuit appears as shown in Figure 2-9. Here, 
the voltage across Rs equals the supply voltage minus the voltage across the 
LED and transistor. Assuming Vce(say is negligible, you can calculate Rs via 
Оһт 5 law as follows: 


A standard value 2702 resistor is acceptable. In order to produce saturation, 
lg must at least equal lgsay; when V4, = SV. To ensure that saturation occurs 
under "worst case" conditions, we will select Rg so that: 


2 Ic(sat) 





poo hFE(min) 
min, 


2-26 | UNIT TWO 


Thus, the required value of ls is: 


2(35тА 
lg = ылы LOI 
40 


Therefore, the required value of Rs is: 


Vi-Vee 5V-0.7V 
— = ——— = 2.46К0 
lg 1.75mA 





Вв = 


A standard value 2.2k0 resistor is acceptable. 

Example 2-5 
Design a relay driver similar to the one shown in Figure 2-8B. 
The normally open, N.O., relay contacts close when the current 
through the relay coil is 25mA. The resistance of the coil is 


2500. Assume Vcc = 12V, V, = 5V, and that ап MPS-A20 
BJT is available for the design. 


The design procedure is similar to the one used for the LED driver in Example 
2-4. In this case, the voltage across Rs, neglecting Vcg(say, equals Voc minus 
the voltage dropped across the relay coil. Thus: 


_ Voc — Іова) Rcon _ 12V — 28nA(2800) 


R 
$ 1с(за!) 25тА 


= 2300 
A standard value 2200 resistor is acceptable. 
The required value of lg is: 


lg = ——— = —— = 1.25mA 
Е NEE (min) 40 


Therefore, the required value of Rg is: 


pa m қ ree = 9144 


A standard value 3.3kQ is acceptable. 
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By using a transistor switch and relay, you can control a large amount of AC 
power with a small amount of DC power. For this reason, relay drivers are fre- 
quently used in industrial control circuits. 


Incidentally, the diode in Figure 2-8B is used to suppress arcing across the relay 
when the transistor switches from the saturated to the cutoff mode. From your 
knowledge of passive circuit design, recall that a diode is selected so that: 


1. The diodes PIV rating > 2 Vcc. 


Vcc 


2. Тһе diodes peak current rating > —— 
Rs + Reon 


Due to their excellent switching characteristics, Schottky barrier-type diodes are 
often used in arc suppression circuits. 
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Limitations Of Base Bias 


To illustrate why base bias is not very well suited for linear transistor circuits, 
we will illustrate the design and subsequent analysis of a typical circuit. The 
circuit to be designed should satisfy the following requirements: 


1. Operate from a 10V DC supply voltage. 


2. Provide а DC operating point for typical values of hee such that: 


lcg = 1mA 
Vcgo = 5V 


The transistor available for the design is a general purpose, silicon, NPN-type. 
For this type transistor, the minimum, typical, and maximum values of hfe are 
50, 150, and 300 respectively. 


The circuit we wish to design is illustrated in Figure 2-10A. You can find the 
required value of Rc by solving the following equation: 


Vcg = Vee - lc Rc 
lc Rc = Voc – Ус 


Мос – V 
Pe es CE 





Ic 


Substituting the desired Q point, value of 1с, and value of “се into Equation 
2-9 yields: 





Rs = ----- = —T = 1.39М0 
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The DC load line for the circuit, indicating the operating point when hee = 150, 
is shown in Figure 2-10B. Note that the intercept values are: 


lcs = “Re = — =2mA 
Vc&(cut) = Voc = 10V 
10V 
Rp Rc 


IN 
хл 
< 


"a 
50 £ hpg 2 300 
ima 
hFE (typ) = 150 
CIRCUIT 






Rc =5kQ 


Rg-1.39MQ 


ImA 


Ус (V) 


DC LOAD LINE INDICATING THE Q POINT WHEN hpg = 150 


Figure 2-10 


Circuit and DC load line for the design problem discussed 
in the text. 

A. Circuit. 

B. DC load line indicating the Q point when hre = 150. 
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The value of Rg is selected for our design on the assumption that the transistor 
has a typical value of hfe. If this is the case, the actual values of Ic and Vce 
will be very close to 1mA and 5V respectively. 


However, for a given transistor, the actual value of hre can be as low as 50 
or as high as 300. For this reason, we need to examine what happens if the 
transistor has a minimum (50) or maximum (300) value of hfe. 


For any value of hfe, the base current is: 


-V 10V — 0.7V 
^ — Nea Уве Жу OV _ 6.7pA 
Re 1.39М0 


Thus when hfe = 50. 
їс = Ble = 50(6.7pA) = 0.335mA 
Vc = Vcc — !сВс = 10V — 0.335mA(5k0) = 8.32V 
Similarly, when hee = 300. 
іс = Вів = 300(6.7һА) = 2mA 


Voce = Voc — lcRc = 10V — 2mA(5kQ) = 0V 





Figure 2-11 


Possible operating points for the design problem discussed 
in the text. 
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Clearly, variations in B between 50 and 300 produce drastic changes in the 
operating point of the base bias circuit in Figure 2-10A. This is illustrated by 
the possible operating points shown in Figure 2-11. Note that: 


1. When hee = 150, the operating point, Q4, is іп the middle of the 
load line. 


2. When һ = 50, the operating point, Q2, is on the lower end of 
the load line. For small values of hfe, you can see that the operating 
point moves closer to cutoff. 


3. When hee = 300, the operating point, Qs, corresponds to satura- 
tion. 


Therefore, merely by changing transistors, you can make drastic changes in the 
operating point of a base bias circuit. This is the reason why base bias is not 
normally used in linear transistor circuits. In addition, since hfe is highly tempera- 
ture dependent, for a given transistor the actual Q point will vary widely with 
temperature. 
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Self-Test Review 


Refer to Figure 2-12 for questions 1 through 4. Use approximate formulas when 


possible. 
15V 
1.43MQ Ak Q 
hpp=150 
Figure 2-12 

Circuit for Self-Test Review questions 1-4. 

1. The intercepts of the DC load line are lesa) = ------ТА, and Vcetcut) 
mW 

2. In the active mode, the collector-to-emitter voltage equals _____V. 


3. Assuming the transistor is replaced with one whose hee = 320, the collector 
currentis. ША 


4. Assuming hee = 150, the value of Вв that just causes the transistor to 
saturate is о 
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Refer to Figure 2-13 for questions 5 through 8. 


9v 


Rg 


Figure 2-13 


Circuit for Self-Test Review questions 5-8. 


5. lca = 4mA and Vcea = 5V. The required value for Вс is therefore 
е s ko 


6. Assuming hfe = 200, the required value of Rg is —_kQ.. 
7. | The power dissipated by a BUT under quiescent conditions is given by: 
Рго == Vcealco (Eq. 2-1 0) 


Therefore, the power dissipated by the transistor in Figure 2-13 is 
—— үү. 


8. The data sheet for the transistor in Figure 2-13 lists Vce(say = 0.2У and 
ісео = 0.01һА. By using the Equation 2-10, you can calculate the power 
dissipated by the transistor for the saturated and cutoff modes. Con- 
sequently, Рр(за!) —— mW, and Pp(cut) uW. 
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у 


`x 


100 € Nee = 350 


Figure 2-14 


Circuit for Self-Test Review questions 9 and 10. 
Refer to Figure 2-14 for questions 9 and 10. 


9. The LED provides normal brilliance when the current through it is approxi- 
mately 20mA. Under these conditions, the voltage drop across the LED 


is 1.7V. Assuming Vcg(say is negligible, Rs should equal 70. 


10. A reasonable value for Rgis КО. 
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Answers 


3mA, 15V . 415k 

7.5V . 20туу 

зтА ; 1.8mW, 0.09u.W 
715kQ . 93650 


1kQ .  10.75kQ 





The solutions to questions 1-10 follow: 


Мос 15V 
1. lctsat) = РЕ = БКО = 3mA 


Vce(cut) == Voc == 15V 
2. To calculate Vcg, you must first determine the values of lg and Ic. Thus: 


Ves — Vse _ 15V — 07V 
Re 1.43М0 





= 10pA 
lc = Bls = 150(10pA) = 1.5mA 


Since Vcg = Vcc — IcRc, we have: 
Vcg = 15V — 1.5mA(5kQ) 


Vcg = 15V — 7.5V = 7.5V 
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3. Since lg = 10A and hfe = 320, we have: 
їс = 320(10ҺА) = 3.2mA 


The calculated value of Ic is larger than Ic;saty. This tells you that the transis- 
tor is saturated. Since Іс(ва) is the maximum possible DC collector current, 
lc = Іс(ва) or 3mA when hfe = 320. 


4. Since Іс = Іс(ва) ОГ 3mA, and hre = 150, the base current required to 
just produce saturation is: 


The required value of Rg is therefore: 


Ves — Veg _ 15V – 07V 


Ra = = 715kQ 
В Іква 20ҺА 


7: Poa = Vceolca = 5V(4mA) = 20mw 


8. When the transistor is saturated, Усе = Усе(ва) and Іс = lc(sag. Since 
Voc = 9V and Rc = 1КО, Ilc(say is essentially 9mA. Thus: 


Реза) = Vcktsatlc(sat) = 0.2V(9mA) = 1.8mW 
When the transistor is cutoff, lo = lceo and Vcg = Мсс or 9V. Thus: 
Роси) = Усе(сиуісео = 9V(0.01 pA) = 0.09u.W 


Note that a transistor that is at saturation or cutoff dissipates very little 
power. 
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E V – 1.7V 
9. С Мес язу SMS Rel TEN RTT 
pem 20mA 





10. In order to ensure that saturation occurs under worst case conditions, Rg 
is chosen so that: 


hFE(min) 1 
Consequently, the required value of Rg is: 


uia. З acc лг 
ç ІК 0.4mA 





In practice, standard value resistors close to the calculated values would 
be used for the design. 
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QUASI-STABLE BIASING SCHEMES 


In linear transistor circuits, the biasing scheme must accomplish two things. First, 
the desired operating point must be established. Second, once established, the 
operating point must be stabilized against temperature changes and unit-to-unit 
variations іп hfe. In this section, you will examine a number of biasing schemes 
that are somewhat more stable than the base bias scheme discussed previously. 


Emitter Feedback 


A single-supply, base-bias circuit that uses emitter feedback is illustrated in Figure 
2-15A. To emphasize the base and collector loops, the circuit can be redrawn 
as shown in Figure 2-15B. By starting at point A and going counterclockwise 
around the base loop, you obtain: 


—Vcc + lgRg + Vee + leRe = 0 (loop 1) 


Since іс = Bls and lg is approximately equal to lc, it follows that le is approxi- 
mately equal to Blg. Thus, substituting Bls for lg in the base loop equation yields: 


— Vcc + lgRg + Vee + BlgRe = 0 
Solving for the base current, lg, you obtain: 


ləRs + BlgRe = Vec — Vee 


lg [BRe + Re] = Vcc – Vee 


Vcc — Vee 
= ——— Ед. 2-11 
в БВ + Re (Eq ) 
Also, since Ic equals Blg, we have: 
icd B (Vcc — Vee) 
© BRe + Re 


Dividing numerator and denominator by B yields: 


lo = SF zje (Eq. 2-12) 








Re 


ORIGINAL CIRCUIT 


REDRAWING THE CIRCUIT 





Vct (cut) = Усс 


DC LOAD LINE 
Figure 2-15 


A base bias circuit which uses emitter feedback. 
A. Original circuit. 
B. Redrawing the circuit. 
C. DC load line. 
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The collector loop equation is obtained by starting at point B and going coun- 
terclockwise around the Collector loop, as follows: 


—Vcc + IcRc + Усе + leRe = 0 
Substituting Ic for lg and solving for Vcg yields: 


Væ = Vcc — le (Re + Re) (Eq.2-13) 


Equation 2-13 is the equation of the circuit's DC load line. Recall that the intercept 
values of the DC load line closely approximate lc(say and Vee (cut). Thus: 


When Мс = 0 


lc = lc(sa) = (Eq. 2-14) 


Усс 
Rc + Re 
Similarly, when lc = 0: 

Væ = Vcgeu) = Мес (Ед. 2-15) 
Asketch of the circuit’s DC load line is provided in Figure 2-15C. 
In Figure 2-15B, note that the various terminal-to-ground voltages are as follows: 
Ve = leRe m IcRe 
Vg = Vee + Ve 
Ус = Vec - lcRc 
To understand how emitter feedback works, assume that as a result of changing 
transistors, or an increase in temperature, B increases. This increase in B initiates 
the following chain of events. 
1. Тһеіпсгеаве іп B causes lg to increase. 
2. The increase іп lg causes Ve to increase, since Ve -|ЕВе. 


3. Тһеіпсгеаве in Vg causes Vs to increase, since Vg =Vpe + Ме. 


4. Тһе increase іп Vg causes the voltage across Нв to decrease, 
since Уң, = Ves — Ve. 


5. With less voltage across Rs, the base current must decrease, 
which tends to reduce lg and lc towards their original values. 
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By using the symbol Í to mean “an increase in", | to mean “a decrease in", 
and the symbol $ to mean “produce”, we can summarize the sequence of events 
just described as follows: 


BED ful t y h dm d 


In practice, Іс and lg will still increase when B increases since the decrease 
in lg can only partially compensate for the original increase in B. However, 
the increase in Іс and lg is less than what it would be if no feedback is used. 
Moreover, since the feedback in this circuit arrangement originates at the emitter, 
the circuit is said to use emitter feedback. 


Incidentally, since this type of feedback opposes an increase іп Іс and lg, it is 
called degenerative feedback. This is true for any type of feedback that opposes 
amplifier gain. 
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10V 


1.0949 эке 


h pg 7150 2kQ 


CIRCUIT 


Ic (mA) 


DC LOAD LINE 


Figure 2-16 


Circuit and DC load line for Example 2-6. 
A. Circuit. 
B. DC load line. 
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Example 2-6 


Calculate the DC currents and voltages for the emitter feedback 
circuit in Figure 2-16. 


Ic = Bls = 150(6.7рА) = 1mA = Ic 
Vc = Vee - IcRe = 10V — 1mA(3kQ) = 
= lgRg = 1тА(2КО) = 2V 
Мв = Vee + Ve = 07У + 2V = 2.7V 
Vcg = Мос - Іс(Вс + Re) = 10V — 1тА(ЗКО + 2k) = 5V 


Having calculated values of Ус and Vg previously, you could also calculate Vcr 
as follows: 


Vcg = Vo — Ve = 7V - 2V = 5V 


The DC load line for the circuit is sketched in Figure 2-16B. Here, values for 
Ic(sa); ANd Усе(си) were obtained as follows: 


Voc 10V 


ador iris uen am 
Rc + Re ЗКО + 2kQ 


lctsat) = 


Veet) = Voc = 10V 
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Example 2-7 


Tllustrate bow to design the circuit in Figure 2-16A. Prior to 
designing the circuit, the following information was known: 


Voc = 10V 
hre = 150 
The desired Q point is Ico = 1mA, and Vceg = SV. 


When you are designing a biasing scheme that uses emitter feedback, the first 
step is to select an appropriate value for the emitter to ground voltage Ve. As 
a guide, Veg is chosen so that it is between 10% and 20% of the DC supply 
voltage, Vcc. Once this is done, you can calculate values for Rg, Rc, and Rg 
as follows: 


Veo = 20% “сс = 0.2(10V) = 2V 


Since Ica = 1MA = leg we have: 


The voltage across Нс equals Vcc minus the collector to ground voltage, Vc. 
Since Мс = Vceq + Vea and the current through Rc is Ico, Вс can be calculated 
via Ohm’s law. Thus: 


В. = Vec - (Vea + Усво) 10У- (2V + 5V) 
c = ————  — = — = 3kQ 
Ica 1mA 


With lcg = 1mA and hfe = 150 the base current, Іво is: 


A 
= 6.7рА 


kena = 
PTT) 


The voltage across Rs equals Vcc minus the base-to-ground voltage, Vs. Since 
Мв = Vee + Ve, we have: 


Vcc — (Vee + Ve) _ 10V — (0.7V + 2V) 
Іво 6.7рА 


Ra = = 1.09МО 
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Observations 


The only difference between the base bias and emitter feedback circuits is that 
the emitter feedback circuit employs an emitter resistor, Re. Consequently, base 
bias may be considered a special case of emitter feedback where Re = О. For 
this reason, if you set Re = О in the equations for the emitter feedback circuit, 
you obtain the equations, derived previously, for the base bias circuit. For exam- 
ple, the base current in an emitter feedback circuit is given by: 


Ves — Vee А 
= —— tter feedback 
B BRe+ Re (emitter feedback) 
Ves - Vee | 
Clearly, when Re = 0, lg = ————— , which is the formula for base bias 
circuit. Вв 


In circuit analysis, the ability to recognize that one circuit is a variation of another 
circuit is quite useful. For example, rather than independently analyzing two cir- 
cuits, you can analyze the more general case and then derive the equations 
for the special case. Often this approach involves considerably less work than 
analyzing each circuit separately. 
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Collector Feedback 


The circuit in Figure 2-17A is an example of collector feedback. As with emitter 
feedback, collector feedback provides a Q point that is slightly more stable than 
base bias. 


® 


COLLECTOR FEEDBACK 


RE 


COLLECTOR AND EMITTER FEEDBACK 


Figure 2-17 


Biasing schemes utilizing collector feedback, and collector and 
emitter feedback. 
A. Collector feedback. 
B. Collector and emitter feedback. 
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To understand how collector feedback functions, assume that B increases. The 
increase in B initiates the following chain of events: 


1. The increase in B causes lc to increase. 


2. The increase in |с causes Vc to decrease, since Vc = Vcc — 
IcRc. 


3. The decrease in Vc causes the voltage across Rg to decrease, 
since Vn, = Vc — Vee. 


4. With less voltage across Hg, the base current must decrease, 
which tends to reduce lg and Ic towards their original values. 


Represented symbolically: 


по f C is CD» is CD 


Since the feedback originates at the collector, the circuit in Figure 2-17A is said 
to use collector feedback. Again, this type of feedback can be called degenerative 
feedback. 


Collector And Emitter Feedback 


A circuit that uses both collector and emitter feedback is illustrated in Figure 
2-17B. As you can see, the only difference between the collector feedback and 
the collector and emitter feedback circuit is that the collector and emitter feedback 
circuit uses an emitter resistor. Therefore, the collector feedback circuit is a special 
case of the collector and emitter feedback circuit. For this reason, we will first 
analyze the general case, collector and emitter feedback, and then derive for- 
mulas for the special case of just collector feedback. 
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Collector And Emitter Feedback Analysis 


The collector and emitter feedback circuit in Figure 2-17B can be redrawn as 
shown in Figure 2-18A. Here, by starting at point A and following the indicated 
path around the outside loop, you obtain the following loop equation: 


—Усс + (lg + !с)Нс + !вНв + Vee + leRe = 0 
Substituting Bls for Іс and lg yields: 
(lg + Blg)Rc + !вВв + BlgRe = Voc — Vee 
Factoring out the Ів term: 
lg (B + 1) Rc + Rs + BRg] = Voc - Vee 


Since B typically is > 20, (B + 1) is approximately equal to B. Thus: 
lg [BRc + Вв + ВВЕ] = Vcc — Vee 
lg [B(Rc + Re) + Въ == Voc = Vee 


Voc — Vee 


Е Мет = ME 2315 
Bre UE EM 


lg 


Since lc = Bls we have: 


_ B(Vcc - Veg 
© B(Rc + Re) + Re 


Dividing numerator and denominator by В yields: 


"иет 
QE tea aie) 
Rc + Re + гт 


In Figure 2-18, the various terminal-to-ground voltages are as follows: 
Ус = Vec — (Ас 
Ve = leRe 
Мв = Vee + Ve 
As with the circuit previously analyzed, the equation for the circuit's DC load 


line is obtained by writing a loop equation in the collector circuit. Referring to 
Figure 2-18B we have: 


x 


—Vec + (lg + 10) Re + Vee + leRe = 0 


Biasing Schemes 








OUTSIDE LOOP 





COLLECTOR LOOP 


Figure 2-18 


Outside and collector loops in the collector and emitter 
feedback circuits. 
A. Outside loop. 
B. Collector loop. 
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Since lc >> lg, the expression (lg + Ic) = lc. Also, lg = Ic. Making these 
substitutions and solving for Vcg yields: 


Мс = Мес - lc (Rc + Re) (Eq. 2-1 7) 


As usual, you can obtain good approximations for lc(sa and Vcg(sa by calculating 
the intercept values of the DC load line. Thus: 


When Усе = 0 


Vcc 


------  (Eq.2-18 
REPE Re (Eq. 2-18) 


lc = leat = 


Similarly, when lc = 0 
Voce = Veen) = Мес (Eq.2-19) 
Recall that when Re = 0 you have collector feedback. Therefore, by setting 


Re = 0 in the various equations just derived, you will obtain the formulas that 
describe the DC currents and voltages in a collector feedback circuit. 
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Setting It All Together 


In this unit, our primary objective is to learn how to analyze and design a number 
of frequently encountered biasing schemes. The following section provides a com- 
pact summary of the analysis and design equations. 


With the biasing summary guide, you should be able to easily analyze and design 
base bias, emitter feedback, collector feedback, and collector and emitter feed- 
back circuits. In addition, by understanding how the equations are derived, you 
should be able to tackle variations of the biasing schemes discussed in this unit. 
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BIASING SUMMARY GUIDE 


ANALYSIS DESIGN 


Voc — Vee 


‚!с = Bla =! 
В» c B = le 


Vc = Ус = Мос - IcRe 


cc 
Іс) = Ro’ Vc&(cu) = Voc 





ANALYSIS DESIGN 


Vea v 
BRe + Re 


Voc - Vee m 
Re + Ra, = 

Vc = Хес — IcRc, Ve = (ЕВЕ Vea = 10 to 20 percent of Voc 

Vg = Vee + Ve 


Усе = Vcc - Ic(Re + Ве) 
Мос — (Vea + Vceo) 
V. С = — s... —ÓMÀ—À Á—— 


cc 
lc(sat) = Rc Re » Мсе(ол) = Voc Ica 
с 


_ Мос - (Vee + Veo) 


Іво 





Emitter Feedback 


Biasing Schemes 





ANALYSIS DESIGN 


Ve = Voc = IcRe, Ve =0 
Vs = Vee 
Vcg = Voc — IcRe 


Voc 
lc(sat) = Ro’ Усал) = Vcc 





Collector Feedback 


ANALYSIS DESIGN Усс 


_.. Vo Væ 
~ B(Rc + Re) + Ra 


Voc – Vee _ 
ык == de 


+ Ret "° 
Rc ets 


Vc = Vcc — IcRc, Ve = leRe Veo = 10 to 20 percent of Vec 
Vg = Vee + Ve 


Ус = Voc — Іс(Нс + Re) 


cc 
| = — (ү =V 
C(sat) ВС + Re CE (cut) cc 





Collector and Emitter Feedback 
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Example 2-8 


Refer to the biasing summary guide and design a collector and 
emitter feedback circuit to provide an Ico of 2mA and a Vczg 


of 6V. Assume that a 12V DC supply is available for the design, 
and that Бес = 200. 


Selecting Vea to be 20% of Vcc, we have: 


Veo = 0.2(12V) = 2.4V 


The various resistor values are calculated as follows: 


M 2.4V 
Re = ко = о —— = 1.2к0 
leg 2m 
— (Мо + V 12V - (2.4% + 6V 
пе Mee Масе Мова с ee ee ONIS BK 


Іса 2тА 


Since lcg = 2mA and hfe = 200, Іво = 2mA/200 or 10рА. Thus: 


_ Мова – Vee _ 6У – 07V 


Re = = 530к0 
Р = 10ҺА 


Example 2-9 


Sketch the DC load line, and operating point Юг the collector 
feedback circuit in Figure 2-19A. Again, assume you are using 
a silicon transistor. Referring to the collector feedback biasing 
summary guide: 


_ Мес - Vee 10У – 0.7М _ 9.3V 


[eva а РЕ = 
c 645k0 


R = 1mA 
B 

Ru =a ко +—— 9.3k0 
Sanu i” 150 


Усе = Мос - IeRe = 10V — 1mA(5kQ) = 5V 


VcE(cut) = Усс = 10V 


A sketch of the DC load line and operating point is provided in Figure 2-19B. 
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10V 


® sk 


645kQ 


hpg” 150 


COLLECTOR FEEDBACK CIRCUIT 





"eka 


DC LOAD LINE 


Figure 2-19 


Circuit and DC load line for Example 2-9. 
A. Collector feedback circuit. 
B. DC load line. 
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Self-Test Review 
Refer to Figure 2-20 for questions 11 through 13. 


20V 


hee 7100 
[cg *1mA, Vcgg =10У 
Figure 2-20 
Circuit for Self-Test Review questions 11-13. 
11. hReshouldequal. КО 
12. Rashoulddequal_ МО. 
13. Assume hee changes from 100 to 200. In this case, Ic equals 
and “сє equals _ V. 
20V 
Rc 
Rg 
hpg =100 
Icg *1mA, Vcg = 10V 
Figure 2-21 


Circuit for Self-Test Review questions 14-16. 
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Refer to Figure 2-21 for questions 14 through 16. 
14. Reshould equal КО 


15. Rgshouldequal  — — КО. 





16. If hee changes from 100 to 200 Іс would equal — _ mA and Vcg 
would equal — .— V. 
15V 
358kQ 2kQ 
h ЕЕЕ 50 
1.5kQ 
Figure 2-22 
Circuit for Self-Test Review questions 17-20. 
Refer to Figure 2-22 for questions 17 through 20. 
17. Theocollector-to-ground voltage equals .— .. V. 
18. Тһе emitter-to-ground voltage equals. — V. 
19. The base-to-ground voltage equals — — V. 
20. The values of lc(say and Мсессш) аге —________mA and ______V re- 


spectively. 
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ANSWERS 


11. 


12. 


13. 


14. 


15. 


10k) . 1.32тА, 6.8V 
1.93М0 : 117М 
2mA, OV . 2.48V 
10к0 . 3.18V 


930k. . 429mA, 15V 





The solutions to questions 11-20 follows: 


11. 


12. 


13. 


14. 


15. 


16. 


Vcc - V 20V – 10V 
Ас = = EQ T OK 
ісо 1тА 


Since lc = 1mA and hfe = 100 Іво equals 1тА/100 or 10рА. Thus: 


_ Mec - Vee Ф 
ГЕ TOLA 


20V — 0.7V 


Re — = 1.93М0 





When hfe = 200: 

їс = Blg = 200(10ҺА) = 2mA 

Vee = Мос - IcRc = 20V — 2mA(10kQ) = OV 
Since Vcg = OV, the transistor is saturated. 


Hs Vcc - Vceg _ 20V – 10У | 4 
e lg ША | 


Since Іс = 1mA and hfe = 100, Іво equals 1mA/100 ог 10рА. Thus: 


V -V 10V — 0.7V 
Buc E БЕ у 55600 
= 10pA 


When hfe = 200: 


Vcc — Vse | 20V - 0.7V 19.3V 
Re 930kQ 14.65КО 


= 1.32тА 





V = Vcc - IcRe = 20V — 1.32mA(10kQ) = 6.8V 
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Veg (V) 








LOAD LINE FOR THE CIRCUIT IN FIGURE 2-21 
Figure 2-23 


Comparing the results obtained in questions 13 and 16. 
A. Load line for the circuit in Figure 2-20. 
B. Load line for the circuit in Figure 2-21. 


Let's compare the results obtained in question 13 with those obtained in question 
16. When B changed by 100% in the base bias circuit, question 13, Іс also 
changed by 10096. This caused the operating point to shift from the center of 
the load line to saturation, as shown in Figure 2-23A. 


When B changed by 10096 in the collector feedback circuit, question 16, the 
corresponding change іп Іс was only 32%. This is a considerable improvement 
over the base bias circuit. Figure 2-23B indicates the shift in the operating point 
due to the increase in B. A comparison of the two load lines in Figure 2-23 
illustrates the effectiveness of collector feedback. 
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In many linear transistor circuits, a 32% change in the operating point would 
not be acceptable. For this reason, the next section examines two biasing 
schemes that provide very stable operating points. 


17. First, calculate Ic as follows: 


_ Voc- Ve ,. 19У-07У 14.3V 


| = 
: 358k 8.66kQ 





Re + = I 1.5kQ + 
Since Ус = Vcc — IcRc, we have: 
Ус = 15V — 1.65тА(2К0) = 11.7V 

18. Ve = IgRe = 1.65mA(1.5kQ) = 2.48V 


19. Ve = Vee + Ve = 0.7V + 2.48V = 3.18V 


Усс 15V 


------ --------- = 4.29mA 
Rc + Re 2k + 1.5kQ 


20. lc(sat) = 


Усессиу = Voc = 15V 
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STABLE BIASING SCHEMES 


In a base bias circuit, the percent change in |с equals the percent change in 
B. By employing emitter feedback, collector feedback, or both emitter and collector 
feedback, the percent change іп Ic will be less than the percent change in B. 
However, as you saw in the previous section, large changes in B still produce 
significant changes in Ic. 


The ideal biasing scheme for a linear transistor circuit would provide an operating 
point that is B independent; that is, independent of gain. In other words, even 
large changes in В would not produce significant changes in |с. In this section, 
you will examine two biasing schemes that approximate this ideal biasing scheme. 
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Voltage Divider Bias 


The circuit illustrated in Figure 2-24A is the most popular, single-supply, biasing 
scheme for discrete linear transistor circuits. Since resistors R, and Rə form a 
simple voltage divider, the biasing scheme is referred to as voltage divider bias. 


Vec 


® 


ORIGINAL CIRCUIT 


= R1 || R2 





Figure 2-24 R 


Voltage divider bias. 
A. Original circuit. = 
B. Calculating Утн and Атн. 
C. Thevenin equivalent circuit. THEVENIN EQUIVALENT CIRCUIT 
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To analyze the circuit in Figure 2-24A, you begin by mentally opening the base 
lead. This permits you to apply Thevenin’s theorem to the voltage divider as 
shown in Figure 2-24B. Here note that: 





(Eq. 2-20) 


Атн = Ry | Ro (Eq. 2-21) 





Figure 2-25 


Redrawing the Thevenin equivalent circuit in Figure 2-24C. 


The Thevenin equivalent circuit is illustrated in Figure 2-24C. In order to em- 
phasize the base and collector loops, the Thevenin equivalent circuit can be 
redrawn as shown in Figure 2-25. Here, by starting at point A and going clockwise 
around the base loop, you obtain: 
-Утн + lgRra + Vee + leRe = 0 (loop 1) 
Substituting the approximate relationship Bls for lg yields: 
— VH + IpRtH + Vee + BlgRe = 0 


Solving for the base current, ls you obtain: 


Ip(BRe + Rm) = Vra — Vee 


Мун Voz 
hec. x Eq. 2-22 
EO vo ыы aa aaa 
Since іс = Bls we have: 
В(Мтн - V 
i adios (Утн Be) 


BRe + Втн 
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Dividing numerator and denominator by B yields: 


lo = — [~le (Eq. 2-23) 


As usual, the equation for the circuits DC load line is obtained through the collector 
loop equation. By starting at point B in Figure 2-25 and going counterclockwise, 
you obtain: ! 


—Vcc + IcRc + Vee + lgRe = 0 (loop 2) 
Substituting Іс for lg and solving for Vcg yields: 
Væ = Vcc – Іс(Вс + RE) (Еа. 2-24) 


Using the intercept values to approximate lc(say and Vcgrcut; you have: 


Voc 


Vc&(cu) = Мос (Eq. 2-26) 
Finally, the various terminal-to-ground voltages are: 
Vc = Vee - (Вс 
Ve = ЕНЕ 


Vg = Vee + Ve 
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15V 


Ry Rc 
10kQ 2.2kQ 
h ЕЕЕ 200 
Ro Re 
4.7kQ 2.7kQ 
Figure 2-26 


Circuit for Example 2-10. 


Example 2-10 


Calculate the various DC currents and voltages for the circuit 
shown in Figure 2-26. 


First calculate the Thevenin quantities: 


VecRe _ 15V(4.7kQ) 


с? _ = 4.8V 
Ri + Re 10К0 + 47kQ 


Vm 


Rr = ВВ» = 10КО|4.7КО = 3.2kQ 


Using these values, you obtain: 


Vm- Vee — 4.8V — 0.7V 


$^ BRe+ Rm —200(27k0) + 3.2k0 


БОСО 
E SAAK 
Since іс = Blg, lc = 200(7.55рА) = 1.51mA = le. 


The collector-to-emitter voltage, Vce equals: 


Veg = Мос - Іс(Вс + Re) 


Усе = 15V — 1.51mA(2.2kQ + 2.7kQ) = 7.6V 
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lc(say and Vcg(cuy are approximately: 


Усс 15V 


huuc mee E 5, e К С 07 
Ga) Fos Re БҚ 5 2741 em 


Vc&(cu) = Мес = 15V 


Finally, the terminal-to-ground voltages are: 
Ус = Vcc — !сВс = 15V — 1.51тА(2.2К0) = 11.68V 
Ve = leRe = 1.51тА(2.7К0) = 4.08V 


Мв = Vee + Ve = 0.7V + 4.08V = 4.78V 


Example 2-11 


Rework Example 2-10 assuming a 300% increase in the value 
ofh ЕЕ. 


In this case, h== = 600. Therefore: 


жаты тты ала. OK 
8” BREE Ry, 169220 ү 


їс = Bls = 600(2.53р А) = 1.52mA = le 

Усе = Vcc — !с(Нс + Re) 

Усе = 15V — 1.52mA(4.9kQ) = 7.55V 
Vc = Vcc — !сВс = 15V — 1.52тА(2.2КО) = 11.66V 
Ve = leRe = 1.52mA(2.7kQ) = 4.1V 


Уа = Vee + Ve = 0.7V + 4.1V = 4.8V 
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The values of Іс(ва) and Vcg(euy are the same as in Example 2-11, since they 
do not depend upon the value of B. Table 2-2 compares the values of the DC 
currents and voltages for the two values of hfe. 





we [m Гав 
Pere Тама авна] 


TABLE 2-2 














Comparing The Results Of Examples 2-10 And 2-11. 


Table 2-2 indicates that even for a 300% change in B there is very little change 
in Ica and Усео. Clearly, the operating point in Figure 2-26 is very stable with 
respect to variations in B. 
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Approximate Analysis 


A commonly used rule of thumb for designing a voltage-divider bias circuit is 
to make R2 equal to or less than ten times the value of Re. This ensures that 
the equivalent resistance between the base of the transistor and ground is large 
compared to the value of Ro, as shown in Figure 2-27. Assuming this is the 
case, the parallel combination of Ң and Riw(gase) approximately equals Аг. For 
this reason, the voltage divider may be considered unloaded and the circuit quickly 
analyzed as follows: 


Via voltage division, the base voltage, Vp, is: 





(Eq. 2-27) 


Since Vg = Vee + Ve the emitter voltage, Ve is: 


Ve = Ve - Vee 
Vcc 
Ry кс 
+ 
Vee = 
ү 
І, Re | 
RIN (base) 
Figure 2-27 


A vottage divider bias circuit where Ам >> Ro. 


Biasing Schemes | 2-69 


Via Ohm's law, the emitter current, lg, is: 
le =— ~le (Ед. 2-28) 


By following the three-step procedure just presented, you can quickly estimate 
the value of the collector current, Ic, in a voltage-divider bias circuit. Once you 
know Ic, you can quickly calculate the other quantities as previously illustrated. 


Example 2-12 


Use the three-step procedure to analyze the circuit in Figure 
2-26. 


Voc Вә 15V (4.7kQ) 
VE a 2 ee a 
B Fe а, +в, 10k + 4.7kQ 


Ve = Ve — Vee = 4.8V — 0.7V = 4.1V 





le = = = ——— = 1.52mA = 1 
E Re 27КО Е 
Assuming В = 200 
1.52mA 
B= 260 = "РА 


With Іс = 1.52mA 
Ve = Мес – IcRe = 15V – 1.52mA(2.2kQ) = 11.66% 


Vcg = Vcc - !с(Нс + Ве) 


Vcg = 15V — 1.52тА(2.2К0 + 2.7КО) = 7.55V 
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Comparing the approximate answers with those obtained in Example 2-10 indi- 
cates that the simple three-step procedure is quite accurate. For this reason, 
you should use the three-step method to analyze voltage-divider bias circuits. 


To explain why the Q point in a voltage-divider bias circuit is stable, we will 
first consider why the Q point is unstable in a base bias circuit. 


Recall that in a base bias circuit that the value of lg is fixed by the values of 
the DC supply voltage and Re. Since lg is constant, Іс automatically assumes 
the value dictated by the formula іс = Bls. Consequently, Ic is directly proportional 
to B. This results in a very unstable Q point. 


In a voltage-divider bias circuit just the opposite happens. In this case, the base 
voltage, Vg, is fixed by the DC supply voltage and the ratio of R, to Re in the 
voltage divider. Since Ve = Vg — Vee, the emitter voltage, Vg, is essentially 
constant. A constant emitter voltage produces a constant emitter and collector 
current. Since lc is constant, lg automatically assumes the value dictated by the 
formulas lg = 10/В. For this reason, |с is largely independent of the value of 
B. Theresult is a very stable Q point. 
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Example 2-13 


Design а voltage-divider bias circuit to provide an Ico of 2mA, 
and a Vcgg of 10V. Assume a 20VDC supply voltage is available 
for the design. 


As a guide, Veq is chosen so that it is between 20% and 30% of the DC 
supply voltage, Vcc. Once this is done, you can calculate appropriate resistance 
values as follows: 


Vea = 30% Vcc = 0.3(20V) = 6V 


Since Ica = 2тА = leq we have: 


Via Ohm's law the required value of Rc is: 


Мос — (Vea — Мсва) 20У- (6V + 10V) 


pos = 2mA 


= 2к0 


As mentioned previously, the value of R; is chosen so that: 
R. < 108= 
Selecting R2 = 10Rg yields: 


R2 = 10Rg = 10(3kQ) = 30k 
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Since Veq = 6V the required base voltage, Ур, is: 


Ve = Veo + Vee = 6V + 0.7V = 6.7V 





Recallthat Va = CS , Solving this equation for R. yields: 


Ra(Vcc — Ve) 
"mE 
Ve 


Therefore, in this case: 


m SNOV AMET 
6.7V 
In practice, standard value resistors close to the calculated values would be cho- 


sen for the final design. 
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The following summary guide should assist you in analyzing or designing voltage- 
divider bias circuits. 


VOLTAGE DIVIDER BIAS SUMMARY GUIDE 


ANALYSIS DESIGN vcc 


_ Vcc - (Vea + Vceo) 


Ve = Мос -ПСВс 
CQ 


Ус = Vcc - Іс(Нс + Ве) R.<10R 
2 E 


cc 
Icea) = — P ,Vcercu) = Мос R - Ra(Vec - Vea) 
с + Ве — v 
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Vcc 


® 


E 
8 Re 


“Ус 
ORIGINAL CIRCUIT 





REDRAWING THE CIRCUIT 


Figure 2-28 


Emitter bias. 
A. Original circuit. 
B. Redrawing the circuit. 
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Emitter Bias 


The circuit illustrated in Figure 2-28A provides a very stable operating point. Be- 
cause this biasing scheme requires two power supplies, it is a popular choice 
in dual supply systems. 


The analysis of the circuit proceeds in the usual manner. First, the circuit is 
redrawn as shown in Figure 2-28B. Next, the base loop equation is written, starting 
at point A and going clockwise around the loop. 
Specifically: 
lgRg + Vee + leRe = Vee =0 (loop-1) 
Substituting the approximate relationship Bls for lg yields: 
lgRg + BleRe + Vee — Vee = 0 


lg(BRe + Re) = Vee — Vee 





P == (Ед. 2-29) 
в 


Since lc = Blg we have: 


B(Vee — Vee) 


lc = Вів = 
Г 1 BRe + Вв 


Dividing numerator and denominator by B yields: 


с = -ЕЕ Zle (Ға 2-30) 
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As you will see when designing an emitter bias circuit, Re is shown so that: 


Rs 
Re >> — 
Б ШЕ 


Assuming this is the case, Equation 2-30 is closely approximated by: 


Equation 2-31 indicates that the value of the collector and emitter currents are 
essentially fixed by the values of Vee and Re. This is why the circuit is referred 
to as an emitter bias circuit. 


To obtain an equation for the circuit's DC load line, the collector loop equation 
is written. Thus, by starting at point B and going around the loop in a coun- 
terclockwise direction, you obtain: 


—Vec + IcRc + Voce + leRe — Vee = 0 
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Substituting Іс for lg and solving for Vcg yields: 
Усе = (Vcc + Veg) – lc(Rc + Re) (Eq. 2-32) 
Using the intercept values to approximate Іса) and Мсеси, you have: 


Vcc + Vee 
1 = — Eq. 2- 
Sem M Sy Be T 


Vee cut) = Voc + Vee (Eq. 2-34) 
Finally, the various terminal-to-ground voltages are: 
Ve = Voc = IcRc 


Ve = leRe — Vee 


Мв = Vee + Ve 


The following examples illustrate the analysis and design of emitter bias circuits. 
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15V 


@ 


4kQ 


12kQ 10kQ 


-15V 


CIRCUIT 





Vcg (V) 


fro 


9.98V 


DC LOAD LINE 


Figure 2-29 


Circuit and DC load line for Example 2-14. 
A. Circuit. 
B. DC load line. 


Example 2-14 


Sketch the DC load line and operating point for the circuit 
shown in Figure 2-29A. Also, estimate the emitter-to-ground 
voltage, Vg. 
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First, calculate the intercept values of the load line. 


Мсҥол) = Voc + Vee = 15V + 15V = 30V 


The approximate formula for Іс is quite accurate if Re >> Rg/B. Even though 
a value for B is not given in Figure 2-29A, you know that B rarely has a value 
less than 20. Consequently, you can feel confident in using the approximate 
formula for lc since, in this case: 


12kQ 
10КО>> -- 
20 


Thus: 


Vcc – 15V - O. 
= Vect Ves s ON VAGA сұ 
Re 10kQ 


lc 
With lc = 1.43mA the collector to emitter voltage “се is: 


Vcg = (Voc + Vee) - lc(Rc + Re) 
Усе = (18V + 15V) — 1.43mA(4kQ + 10kQ) 


Vce = 30V - 20.02V = 9.98V 
The circuit's DC load line is illustrated in Figure 2-29B. 


Finally, the emitter-to-ground voltage, Ve, is: 


Ve == leRe = Vee 


Ve = 1.43тА(10К0) - 15V = -0.7У 


Note that the emitter-to-ground voltage is negative. Typically, in an NPN emitter 
bias circuit, Ve has a magnitude slightly less than 1V and is negative. 
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Example 2-15 
Design an emitter bias circuit to provide an Ico of 2mA and 
а Уско of 10V. Assume supply voltages of + 20V are available 
for the design. 


Solving Equation 2-31 for Re yields: 


Vee — V 
Re = EE BE 
їс 
In this case, then: 
— 0.7 
ë = 20 medal урд 
2mA 


To ensure an operating point that is B independent, Rg is chosen so that: 


R 
Re>> > 
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This condition is satisfied if the value selected for Rp is on the same order of 


magnitude as the value of Re. Many circuit designers simply select a value of 
Rg equal to the value calculated for Re. Thus: 


Rs == Re = 9.65kQ 
Solving Equation 2-32 for Rc yields the following useful formulas: 


(Vcc + Vee) - [Vcea + ІсоВе! 
C = — n vOÚ—— P - 


Ica 
In this case, then: 


(20V + 20V) – [10V + 2mA(9.65kQ)] 
Rec ——Ə —>ə ə h V DOO Á Q .-—— 
2mA 
40V — 29.3V 


ш ee = БІЗ5КО 
2mA 
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The following summary guide for the emitter bias circuit provides the formulas 
necessary for analysis and design. 


EMITTER BIAS SUMMARY GUIDE 


ANALYSIS DESIGN 


Vc = Veco — IcRe 
Ve = eRe — Vee 


Vg = Vee + Ve 


_ (Voc + Vee) - (сео + IcaRe) 
Qe ee eee 
Vez = (Voc + Vee) - lc(Rc + Re) іса 


Voc + Vee 


n" = Мос + V 
ВАЕН ЕЕ CE (cut) Сс ЕЕ 


Ic(saty = 
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PNP Biasing Schemes 


The current directions and voltage polarities in PNP circuits are just the opposite 
of those in NPN circuits. For this reason, PNP circuits are said to be complements 
of NPN circuits, and vice versa. 


This concept is illustrated in Figure 2-30. Here, note that the only difference 
between the two circuits is the fact that the current directions, and voltage 
polarities are reversed. On most schematics, the PNP circuit in Figure 2-30B 
would not be drawn the way it is in Figure 2-30B. Before illustrating how the 
circuit would be drawn, let's first consider the concept of a reference, or ground 
point. 





Icxlg-l1mA Vg^Vpp70.7V 
Vcg ^ 5V Vp 70V 
NPN CIRCUIT 


Тор -1mA Vg=Vgg= -0.7V 
Ig 7 100A Veg == 5¥ 
Ve = -5V Vp 7 0v 





COMPLEMENTARY PNP CIRCUIT 


Figure 2-30 


The complementary nature of NPN and PNP circuits. 
A. NPN circuit. 
B. Complementary PNP circuit. 
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The Ground Point 


In Figure 2-31A, the current flowing in the circuit is 1mA. Consequently, the volt- 
age across the 6КО resistor, Мав, is 6V and the voltage across the 4k€ resistor, 
Vac, is 4V. 


In a given circuit, voltages can be measured between any two points. Usually, 
however, one point is selected as a reference point. This reference point is re- 
ferred to as the common, or ground, point. On a schematic diagram, a voltage 
is "called out" by indicating what the voltage is between the point of interest 
and the ground point. 


For example, in Figure 2-31B, the negative battery terminal has been selected 
to serve as the reference or ground point. For this reason, the circuit can be 
redrawn as shown in Figure 2-31C. Here, note that the various terminal-to-ground 
voltages are: 


Va = 10V, Vg = 4V, and Vc = OV 


The current through and voltage across each resistor is the same as in the original 
circuit in Figure 2-314. 


If the positive battery terminal is selected as the ground point, you have the 
circuit shown in Figure 2-31D. The circuit is easy to redraw as indicated in Figure 
2-31E. Finally, you can flip the drawing over to place the ground symbol at the 
bottom of the diagram. This is depicted in Figure 2-31F. 


In Figure 2-31F, the current through and voltage across each resistor is exactly 
the same as in the previous circuits. Note however, that the various terminal-to- 
ground voltages are different. In this case: 


VA = OV, Мв = —6V, and Vc = —10V 


The only difference between the circuits in Figure 2-31C and Figure 2-31F 
is the point selected as the reference, or ground, point. 


Specifically, in Figure 2-31C, V4 means the voltage between point A and the 
negative battery terminal. Similarly, in Figure 2-31F, V4 means the voltage be- 
tween point A and the positive battery terminal. This is why the terminal to ground 
voltages are different in the two Figures. 


It is important to realize that Figure 2-31C and Figure 2-31F each represent 
the same physical circuit. Only the ground point and the manner in which each 
circuit is drawn is different. 
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SELECTING THE POSITIVE BATTERY TERMINAL AS THE GROUND POINT. 
Figure 2-31 


The concept of a ground or reference point. Note that terminal-to- 
ground voltages depend upon which point is selected as the ground, 
or reference, point. Also note that the terminal-to-terminal voltages 
are not effected by the choice of the ground point. 

A. Original circuit. 
В,С Selecting the negative battery terminal as the ground point. 
О, Е, Е Selecting the positive battery terminal as the ground point. 
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Drawing PNP Circuits 


To obtain the complementary PNP circuit of an NPN circuit, you must do two 
things: 


1. Replace the NPN transistor with a PNP transistor. 


2. Reverse the polarity of each supply voltage in the original NPN 
circuit. 


This is how the complementary PNP circuit in Figure 2-30B is drawn. By following 
this simple two-step procedure, you can draw complementary PNP circuits for 
any of the NPN circuits discussed previously. 
In order to reduce the number of lines that cross over each other on schematic 
diagrams, it has become standard industrial practice to draw PNP circuits accord- 
ing to the following rules: 
SINGLE-SUPPLY CIRCUITS 

1. Draw the circuit upside down. 

2. Switch the ground point. 
DUAL-SUPPLY CIRCUITS 


1. Draw the circuit upside down. 
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As an example, consider the PNP circuit in Figure 2-32A. If you draw the circuit 
upside down, you obtain the circuit shown in Figure 2-32B. Similarly, by switching 


the ground point, you obtain the circuit shown in Figure 2-32C. This is the way 
the circuit is drawn on most schematic diagrams. 


® © 


-10V +10V 
930kQ ко 
930kQ 
5kQ 
930kQ 
5kQ 
-10у Í [ 
ORIGINAL CIRCUIT DRAWN UPSIDE-DOWN SWITCHING THE GROUND POINT 
(POSITIVE BATTERY TERMINAL (NEGATIVE BATTERY TERMINAL 
IS THE GROUND POINT ) 15 THE GROUND POINT ) 
Figure 2-32 
Drawing PNP circuits. 


The circuit in A would normally appear on a schematic diagram 
as shown in C. See text for details. 
Original circuit. (Positive battery terminal is the ground point). 
Drawn upside-down. 
Switching the ground point. (Negative battery terminal is the 
ground point.) 


OD > 
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Усс 
R 
COLLECTOR Кв C 
AND 
EMITTER 
FEEDBACK 
(B) 
NPN R 
E 
CIRCUIT 
1 icc 
R 
VOLTAGE Ry C 
DIVIDER 
(C) 
R2 КЕ 
МРМ 


= GiIRGUI ~ 











1 Усс 
Rc 
EMITTER 
(D) 
Кв Re 
= -V 
NPN CIRCUIT PE 
Figure 2-33 A. Emitter Feedback. 
B. Collector and Emitter Feedback. 
NPN and complementary PNP circuits for typical biasing schemes. C. Voltage Divider. 
Box 3 shows how the PNP circuit appears on most D. Emitter. 


schematic diagrams. 
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Figure 2-33 illustrates how additional PNP circuits usually appear on schematic 
diagrams. Note that for each biasing scheme: 


1. Вох illustrates an NPN circuit. 
2. Box 2illustrates the complementary circuits. 


3. Box 3 illustrates how the complementary PNP circuit would be 
drawn on most schematic diagrams. 


In Figure 2-33, the circuits in boxes 2 and 3 represent the same physical circuit. 
Consequently, the transistor currents (lg, Іс, and lg) and terminal-to-terminal volt- 
ages (Vee, Vce, and Vcg) are identical. 


In the single-supply circuits, the ground point in box 2 (positive battery terminal) 
is different from the ground point in box 3 (negative battery terminal). For this 
reason, the terminal-to-ground voltages (Vg, Ve, and Vc) of the single-supply 
circuits in box 2 are not the same as the terminal-to-ground voltages in box 
3. 


2-90 | UNIT TWO 


Analyzing and Designing Circuits 


In Figure 2-33, the only difference between the NPN circuits in box 1 and the 
complementary PNP circuits in box 2 is the fact that the current directions and 
voltage polarities are reversed. 


For this reason, by working with magnitudes, you can also use the NPN analysis 
and design equations given previously to analyze or design the PNP circuits 
in box 2 of Figure 2-33. 


Similarly, the NPN equations for the transistor currents (lg, Ic, and lg) and terminal- 
to-terminal voltage (Vse, Vce, and Vcg) are also valid for the PNP circuits in 
box 3. Naturally, the NPN equations for terminal-to-ground voltages (Vg, Vc, and 
Vg) do not apply to the single-supply circuits in box 3. 


In any event, the following procedure will be used for the design and analysis 
of PNP circuits: 


DESIGN 


1. Calculate the required component values via the NPN design for- 
mulas on the appropriate biasing summary guide. 


2. Sketch the circuit as shown in the appropriate box 3 in Figure 
2-33. 


ANALYSIS 


1. Use the appropriate NPN analysis formula to calculate values for 
Іс and Vce. 


2. Once you know the value of Ic, you should be able to deduce 
values for the terminal-to-ground voltages by simply looking at the 
PNP circuit. 
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The following examples illustrate the design and analysis of several PNP circuits. 


Example 2-16 


Design an emitter feedback circuit using a PNP transistor 
whose hrg = 100. The desired Q point is Ilco = 1mA and 
Vceg = —6V. Assume the available DC supply voltage is 12V. 


Referring to the emitter feedback NPN biasing summary guide: 


Veg = 0.2 Vcc = 0.2(12V) = 2.4V 


Lu ую _ 24У дол 
Іса 1тА 


Voc – an 
Вс = CG (Vea + Усео) С 12V (2.4V T 6V) = 36kQ 
ісо 1mA 


Since lca = 1mA and hee = 100, Іво = 1MA/100 or 10рА. Thus: 


Vcc - (Vee + Vea) _ 12У - (0.7V + 2.4V) 


R = 
Ë bos 104A 


= 890к0 
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12V 


2.4kQ 


ULP ina 3.6kQ 


Figure 2-34 


Circuit for Example 2-16. 


Figure 2-34 illustrates the circuit. 


Example 2-17 


Work out values for Vc, Vg, and Vg for the circuit in Figure 
2-34. 


= 12V 





Figure 2-35 


Redrawing the circuit in Figure 2-34. 


If it is not obvious to you how to calculate a particular voltage, redraw the circuit 
as shown in Figure 2-35. By inserting known values, you can calculate the termi- 
nal-to-ground voltages by writing appropriate loop equations. Therefore: 


Vc = IcRc = 1тА(3.6К0) = 3.6V 


Ve = —leRe + Voc = - 1mA(2.4kQ) + 12V = 9.6V 


Note that Voc = Vc — Ve = —6V, which is what the circuit was designed 
for in Example 2-16. 


Finally: 


Vg = lsRs = 10pA(890kN) = 8.9V 
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Self-Test Review 


Refer to Figure 2-36 for questions 21 through 23. 


21. Calculated values for the resistors are: 
Re exco = ko, Rc = -----КО, Ro = - -kO and R: 











=e Ken 
22. The terminal-to-ground voltages are: 
Мв = V, Мс = V,and Ve = V. 
23. The transistor is dissipating approximately —  _mW. 
18V 
R 1 R C Ісо =1.5mA 
Мевар oV 
Vgq = 30% of Voc 
82 
Re R2=10R, 


Figure 2-36 
Circuit for Self-Test Review questions 21-23. 


Figure 2-37 illustrates the complementary PNP circuit for the circuit designed 
in question 21. Here, the terminal to ground voltages are: 





24. Ve= 2 УУсе-е 2 V,andVe = —— V. 
-18V 
70.2kQ ЖКО 
36kQ 3.6kQ 
Figure 2-37 


Circuit for Self-Test Review questions 24. 


204 [ome 000000002 


18V 


36kQ 3.6kQ 
70.2kQ 2.4kQ 
Figure 2-38 


Circuit for Self-Test Review question 25. 


Figure 2-38 illustrates the circuit of Figure 2-37 as it would be drawn on most 
schematic diagrams. Here, the terminal-to-ground voltages are: 


25. Vg. uec. М МС. EE Vang. = = V. 
Refer to Figure 2-39 for questions 26 and 27. 


26. Calculated values for the resistors are: 








Re = Re = —— kQand Rc = kO. 
27. Тһе collector-to-ground voltage is а иу. 
+18V 
Re 
Іса = 2.5mA 
“йа 777 
R Rg = Fr 
B Re 
I -18V 
Figure 2-39 


Circuit for Self-Test Review questions 26 and 27. 
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Answers 


21. Re = 3.6kQ, Rc = 2.4kO, R2 = 36k, and В; = 70.2k0, 
22. Vg = 6.1V, Vc = 14.4V, and Ve =5.4V 

23. 13.5mW 

24. Vg-2 — 64V, Vc = – 14.4У and Ve = -5.4У 

25. Vg = 11.9V, Vc = 3.6V, and Ve = 12.6V 

26. Re = Re = 6.92k0, Rc = 3.88kQ 


27. Vo = 83V 





The solution to questions 21-27 follows: 


21. Referring to the voltage-divider biasing summary guide: 


Veo = 0.3Vcc = 0.3(18V) = 5.4V 


V 5.4V 
ве == = Seka 
со 1.5тА 


Vcc — (Vea + Мсва) _ 18У - (5.4V + 9V) 


R = 
С Іса 1.5mA 


= 24k0 


Ro = 10Re = 10(3.6kQ) = 36k0 
Since: Vea = 5.4V, Vag = 0.7V + 5.4V = 6.1V Thus: 


Re(Vcc — Vsa) 36К0(18У – 6.1V) 


R = 
Д Vea 6.1V 


= 70.2kQ 


22. Тһе value of Vg = Vao or 6.1V. Similarly, Ve = Vea or 5.4V. The collector- 
to-ground voltage, Ус, is: 


Ve = Мос — ІСВс = 18V — 1.5mA(2.4kQ) = 14.4V 
23. Тһе power dissipated by the transistor is: 


Poa = Vcealca 


Pog = 9V(1.5mA) = 13.5mW 


296 [wro 


24. 


25. 


26. 


27. 


The only differences between the NPN circuit in Figure 2-36 and the com- 
plementary PNP circuit in Figure 2-37 are the current directions, and voltage 
polarities. 


Thus: 


Vs = —6.1V, Ve = —5.4V, and Vc = —14.4V 


The circuit in Figure 2-38 is identical to the circuit in Figure 2-37. However, 
it is drawn differently. In this case the circuit is drawn upside down, with 
the reference (ground) terminal switched. Here, note that: 


18V(70.2kQ) 
Ves = V = йл лыы рү 
B 70207 70.20 + ЗКО 


Vc = lcRc = 1.5mA(2.4kQ) = 3.6V 
Ve = Vec – leRe = 18У —1.5mA(3.6kN) = 12.6V 
Referring to the emitter bias summary guide: 


Vee — V 18V — 0.7V 
Re = ee СА 2 СН, 
т 


_ (Voc + Vee) - (Vocea + IcaRe) _ 36V – [9V + 2.5mA(6.92k0)] 


R 
S leo 2.5mA 


Rc = 3.88kQ. 


Vc = Мос - IcRe = 18V – 2.5mA(3.88kQ) = 8.3V 
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SUMMARY 


The purpose of a biasing circuit is to establish an appropriate operating point 
for a transistor. This simply means obtaining the desired values of Ico and Vcea. 


BJT's can be biased to operate in the cutoff, saturation, or active regions. In 
the cutoff and saturation regions, the transistor approximates an open and closed 
switch respectively. For this reason, the transistors in digital circuits are biased 
to operate in either the cutoff or saturation modes. Several examples illustrating 
the design of simple switching circuits are provided in the unit. 


In linear transistor circuits, the transistors should be biased to operate in the 
active region. Here, the emitter and collector currents are directly proportional 
to the base current since, in this region, lg = Іс = Ble. 


Table 2-3 summarizes the characteristics of the six biasing schemes discussed 
in this unit. 












Few components required. B dependent Q point. 


Emitter Feedback 
Collector Feedback 
Collector and Emitter 
Feedback 


Voltage Divider B independent Q point. 
| Emitter | B independent Q point. Requires dual supply voltages. 


TABLE 2-3 










Quasi-stable Q point. 










Characteristics Of Typical Biasing Schemes. 
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Since base bias has an inherently unstable Q point, it is, generally speaking, 
not suitable for linear transistor circuits. Consequently, base bias circuits are 
primarily limited to digital and switching circuit applications. 


Emitter feedback, collector feedback, and collector and emitter feedback circuits 
provide a quasi-stable Q point. This means that, in a given circuit, the actual 
Q point is partially dependent on the transistor's B value. Since this represents 
an improvement over base bias, it can be considered an advantage. However, 
the Q points in these circuits are not nearly as stable as those in voltage divider 
and emitter bias circuits. In this sense, a quasi-stable Q point represents a disad- 
vantage. Consequently, these circuits are not the preferred biasing schemes for 
linear operation. 


Voltage divider and emitter bias circuits provide very stable Q points. For this 
reason, they are the preferred biasing schemes for linear transistor circuits. 


The analysis and design of the various biasing schemes is simplified by the bias- 
ing summary guides provided in the unit. By referring to the appropriate summary 
guide, you should be able to analyze and design all of the biasing schemes 
discussed in this unit. Also, by referring to Figure 2-33 and the examples in 
the text, you should be able to analyze and design complementary PNP biasing 
circuits. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1. In Figure 2-40, Rs should equal: 


A. 800. 

B. O.5kQ. 
C. ZeroQ. 
D. 2.67kQ. 


2. In Figure 2-40, Rg should equal: 


A. 10.75kQ. 
B. 800. 

C. 16М0. 
D. 334k. 


12V 


Rs 


T UE Vp7 2V at Ig = 20mA 


LED 
5V 
as 2E Ç: 
OV 


100 < һр < 300 


Figure 2-40 


Circuit for questions 1 and 2. 
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3.  InFigure 2-41, Rc should equal: 


А. 15КО. 
В. 10КО. 
C. 8kQ. 
D. 7kQ. 


4. In Figure 2-41, Rg should equal: 


A. 7kQ. 
B. 730k. 
C. 2М0. 
D. 1.63М0. 
15V 
Rg Re 
Ісо = 1mA 
hpg = 100 
Figure 2-41 


Circuit for questions 3 and 4. 
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20V 


R 
R 1 C 
Усғоғ 10V 
160 = 2тА 
R> 3kQ 
Figure 2-42 
Circuit for questions 5-8. 


Refer to Figure 2-42 for questions 5 through 8. 
5. Rc should equal: 


1kQ. 
2k. 
зка. 
4kQ. 


coo» 


6. The maximum value recommended for Rz is: 


2kQ. 
3k. 
20kQ. 
30kQ. 


Doo» 


7. | Assuming Re equals the value in question 6, R4 should equal: 


39.7kQ. 
59.5k0Q. 
100k. 
220kQ. 


оош> 


8. Тһе collector-to-ground voltage is: 


16V. 
10V. 
6.7V. 
5.3V. 


oom» 
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15V 


3.6kQ 


588К0 2.4КО 


Figure 2-43 


Circuit for questions 9-12. 
Refer to Figure 2-43 for questions 9 through 12. 


9. The emitter current is approximately: 


A. 4.17тА. 
B. 6.25mA. 
C. 1.25mA. 
О. 2.5mA. 


10. The emitter-to-ground voltage is: 


A. 10.5V. 
В. 15V. 
С. 3V. 

D. -3V. 


11. Theocollector-to-ground voltage is: 


A. 10.5V. 
B. 15V. 
C. SV. 

D -9У 


12. Theocollector-to-emitter voltage, “се, is: 


А. 7.5У. 
B. —7.5V. 
С. "SV. 
О. ЗУ. 
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+15V 
Rc 
Icq *1.43mA 
R 
B RE 
-15V 
Figure 2-44 


Circuit for questions 13-15. 


Refer to Figure 2-44 for questions 13 through 15. 


13. A reasonable value for Rg is: 


A. 10М0. 

В. 1МО. 

С. 106.03М0. 
О. 10КО. 


14. Re should equal: 


A. 10k. 
В. 5.7КО. 
C. 147КО. 
О. 22КО. 


15. Їс(зау!$ approximately: 


A. 2.7mA. 
B. 1.21mA. 
C. 1.5mA. 
D. 1.91mA. 


2-104 | UNIT TWO 


Biasing Schemes 2-1 05 


EXAMINATION ANSWERS 
1. B— Since lega; = lr or 20mA, and Vigo = 2V, the required value of 
Rs is: 
* Vee = Veo 12V — 2V B 
Rs = eae EI es 0.5k0 


сы COT AR 





Next, calculate the required value of Rg: 


Wee V — 07V 
nbl SONCU, рома. 
E 0.4mA 





3. D— Referring to the collector feedback summary guide: 


noo Mee = Veg BVUSIBV. Ж 
ca = 1mA 


4. В Since log = 1mA and hee = 100, Іво = 1mA/100 or 105A. Thus: 


5. В — Referring to the voltage divider summary guide: 


R. = voc (Vea + Vceo) 
po —— =a рева 
Ica 
Since Re = ЗКО and Ico = 2mA, Veg is 2тА(ЗКО) or 6V. Thus: 


20V — (6V + 10V) 
с = === — = 20 





6. D— R2 is selected so that Ro = 108. Therefore, the maximum value 
for Rois 10Rg or 30k. 
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7. B= n = ee 
BQ 


Since Veo = 6V, Vag = (0.7 + 6)У ог 6.7V. Thus: 


_ 30КО(20У - 6.7V) 
“ 6.7V 


i = 59.5kQ 


8. A— Ve = Vcc - IcRe 


Ме = 20V - 2mA(2kQ) = 16V 


9. С — Referring to the emitter feedback summary guide and working with 
magnitude, since we are analyzing a PNP circuit: 


Voc — Vez _ 15У - 07V 


588kQ. 


с = : 
Bed = — зка 
=" 3 : 75 


= 1.25mA = le 
10. A — In Figure 2-43, Ve = Voc — leRe. Thus: 

Ve = 15V - 1.25mA(3.6kQ) = 10.5V 
11. C— InFigure 2-43, Vc = IcRc. Thus: 

Vo = 1.25mA(2.4kQ) = 3V 


12. В-- The magnitude of Vcg via the NPN emitter feedback summary guide 
is Мес = Ic(Rc + Re). Thus: 


Vcg = 15V - 1.25mA(2.4kQ + 3.6k0) = 7.5V 


However, since the terminal-to-terminal voltages in a PNP transistor 
are just the opposite polarity of those in a NPN transistor, Vce = 
-7.5М. 


Note that this agrees with our previous calculations since: 
Væ = Vc - Ve 


Vce = ЗУ - 10.5V = —7.5V 
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13. D — Referring to the emitter bias summary guide, you can see that Rg 
= Re. Thus: 


R= Ме a MSN = 10k = В» 
Ps 1.43mA 


(Мос + Veg) - (Vezo + IcaRe) 


14. В — Rc = 
Ica 
(15V + 15V) — [7.5V + 1.43mA(10kQ)] 
= — _ _ — = 8.7K 
1.43mA 
Vcc +V 15V + 15V 
аш = 1.91тА 


Re+Re 5.7кО + 10k 
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INTRODUCTION 


Unit 2 discussed the analysis and design of typical common-emitter biasing cir- 
cuits. By adding coupling and bypass capacitors to these circuits, you can con- 
struct practical voltage amplifiers. Therefore, in this unit, you will learn how to 
analyze and design a number of common-emitter voltage amplifiers. 


The amplifiers discussed in this unit are referred to as small-signal amplifiers. 
In a small signal amplifier, the AC input voltage normally produces collector cur- 
rent variations that are small compared to the quiescent collector current. 
Amplifiers specifically designed for large signal operation will be discussed in 
a later unit. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


Ue Calculate voltage, current, power gain, input resistance, and output resis- 
tance for common-emitter voltage amplifiers. 


2. Sketch the AC load line for common-emitter voltage amplifiers. 
3. Predict clipping levels for low gain, common-emitter voltage amplifiers. 


4. Design both low gain, and large gain, common-emitter voltage amplifiers. 
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UNIT ACTIVITY GUIDE 


Read section on “Fundamental Concepts.” 
Answer Self-Test Review Questions 1-10. 
Read section on “Analysis of Common-Emitter Amplifiers.” 


Answer Self-Test Review Questions 11-20. 


o o s a ë 


Read section on “AC Load Lines and the Design of Common-Emitter Voltage 
Amplifiers.” 


Answer Self-Test Review Questions 21-30. 
Perform Experiment 4 in Unit 9. 

Perform Experiment 5 in Unit 9. 

Study Summary. 


Complete Unit Examination. 


O 0- Hj 6 [j E 


Check Examination Answers. 
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FUNDAMENTAL CONCEPTS 


Generally speaking, the analysis and design of amplifier circuits consist of three 
stages. For example, when you analyze an amplifier, you must first determine 
the appropriate values of DC currents and voltage. You can do this by using 
the methods introduced in Unit 2. Once you know the DC responses, you must 
calculate the AC responses. The methods available for doing this will be discussed 
in this unit. Finally, you can obtain the actual responses by determining the algeb- 
raic sums of the DC and AC responses. Once you have mastered each stage 
in the process just described, you will be able to analyze and design a number 
of useful amplifier circuits. 


Amplification 


A small AC voltage applied between the base of a properly biased BJT and 
ground, produces a small change in the base current, lg. Since Іс = Blg, the 
corresponding change in the collector current, Іс, is much larger. For this reason, 
BJTs are inherently current amplifying devices. 


BJTs can also be used to provide voltage amplification. For example, if the collec- 
tor current, which is an amplified version of the base current, flows through a 
relatively large collector resistor, Rc, the voltage developed across the resistor 
will be an amplified version of the original small AC input voltage. 
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Gain 


In a discussion of amplifiers, you will frequently encounter the terms current gain, 
voltage gain, and power gain. From your knowledge of basic electronics, recall 
that the gain of a circuit is simply a ratio of the output signal to the input signal. 
Consequently, gain indicates the amount of signal amplification. 


To avoid confusing one type of gain with another, we will adopt the following 
notation: 


Current Gain А; = fo: (Eq. 3-1) 
UN 

Voltage Gain Ay = PT (Eq. 3-2) 
IN 
: Po 

Power Gain Ap = TP = А;Ау (Ед. 3-3) 
IN 


Note that the power gain equals the product of the current and voltage gains. 


The following formulas are used to convert current, voltage, and power gains 
to their decibel, dB, equivalents. 


For a current or voltage gain, the equivalent dB gain is: 
Ags = 20 log A (Eq. 3-4) 
Similarly, for a power gain, the equivalent dB gain is: 


Арав = 10logA (Ед. 3-5) 


Ехатріе 3-1 


An amplifier has а voltage gain of 200. Calculate the dB voltage 
gain. 


Avas = 20 log Ay = 20 log 200 = 46dB 


3-7 
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Example 3-2 


What is the voltage gain of an amplifier whose dB voltage gain 
is 52? 


Ауав = 20 log Ay 
52 = 20 log Ay 


Solving for log Av: 


Therefore: 


Ay = 1026 = 398.1 


Conceptual Amplifier Models 


A block diagram of a voltage amplifier is provided in Figure 3-1A. Here, the signal 
to be amplified, vy, is applied to the input terminal, and the amplified output 
signal, vo, appears at the output terminal. Since the amplifier has a voltage gain, 
Ау, the output voltage equals ум times Ay. 


A voltage source model for the amplifier in Figure 3-1A is shown in Figure 3-1B. 
Note that: 


1. The amplifier is driven by a signal source whose Thevenin source 
resistance equals Rs. 


2. The amplifier drives a load device, whose resistance equals R, . 


3. Тһе amplifier has an effective input resistance Rix. This is the load 
seen by the signal source when it is connected to the amplifier. 


4. The amplifier has an effective output resistance, Ro. When viewed 
from the load device, the amplifier acts like a voltage source whose 
Thevenin voltage equals Аум’ and whose Thevenin resistance 
equals Ro. 


Since a voltage source can be converted to an equivalent current source, it is 
also possible to model the amplifier as shown in Figure 3-1C. 


Common-Emitter Voltage Amplifiers 3-9 








(А) INPUT OUTPUT 


VOLTAGE AMPLIFIER 


LOAD 
DEVICE 





VOLTAGE SOURCE MODEL 





CURRENT SOURCE MODEL 


Figure 3-1 


Voltage and current source models for a voltage amplifer. 
A. Voltage amplifier. 
B. Voltage source model. 
C. Current source model. 
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In this case, when viewed from the load device, the amplifier acts like a current 
source whose Norton current equals A,ijyj, and whose Norton resistance equals 
Ro. 


You can use either the voltage source model in Figure 3-1B, or the current source 
model in Figure 3-1C to evaluate the amplifier in Figure 3-1A. However, since 
transistors are inherently current amplifying devices, a model similar to Figure 
3-1C is generally preferred. 


Example 3-3 


A certain amplifier has the following characteristics: A; = 66.7, 
Мм = 2k, апа Ro = 3kf2. The amplifier is driven from a 
0.1V peak, 1kHz signal source whose source resistance is 500. 
Assuming the load device, driven by the amplifier, has a resis- 
tance of 100k, calculate the peak output voltage апа the effec- 
tive voltage gain. 


The current source model for the amplifier is shown in Figure 3-2. Here: 


VIN m 0.1V 


Sy ee лыктуу ы 
Re+Rn 500 + 2k КОНЕЙ 


йм 


Since А, = 66.7 


Айн = 66.7(48.84A) = 3.25mA реак 


Vin = 0.1V 
IN 100kQ 


f = IkHz 





Figure 3-2 


Circuit for Example 3-3. 
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The 3.25mA from the current source divides between the ЗКО output resistance, 
and the 100kO load resistance. Using current division, the load current à is: 


3.25mA(3kQ) 
n = ——————— = 0.095mA peak 
ae 103k Ж 


Thus, the load voltage is: 


м = ¿RL = 0.095mA(100kQ) = 9.5V peak 


Since ум = 0.1V and vo = 9.5V = vi the effective voltage gain from the source 
to the load is: 
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vay = 01v 10kQ 
f = IkHz 
Figure 3-3 
Circuit for Example 3-4. 
Example 3-4 


Rework Example 3-3 assuming Rs = 6000, and К; = 10k2. 


In this case, the current source model appears as shown in Figure 3-3. Here: 


Since A; = 66.7 


A;n = 66.7(38.5рА) = 2.57mA реак 


The portion of the 2.57mA that flows through the 10kQ load resistance is, via 
current division: 


2.57mA(3kQ) 


= 0.593mA peak 
13k0, 


(L = 
The load voltage is therefore: 
ve = ¿RL = 0.593mA(10kQ) = 5.93V peak 


Since vin = 0.1V and vo = 5.93V the effective voltage gain from the source 
to the load is: 





There are two reasons why the voltage gain from the signal source to the load 
in Example 3-4 is less than the corresponding voltage gain in Example 3-3. Let's 
consider each reason separately. 
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Input Resistance 


The load seen by the signal source when it is connected to the input terminals 
of the amplifier is the amplifiers input resistance, Rin. Since the signal source 
has an output resistance, Rs, the portion of the input voltage, ум, that is actually 
applied to the input terminals of the amplifier, vin’, is via voltage division: 


vin Rin 
= —— Eq. 3-6 
созе 


VIN 
If the amplifier's input resistance is small compared to the output resistance of 
the signal source, then only a fraction of the input voltage, ум, will actually be 
developed across the input terminals of the amplifier. In such a case, the amplifier 
is said to load the signal source. 


To illustrate the concept, we will calculate the actual input voltages for the 
amplifiers in Figure 3-2 and Figure 3-3 respectively. 


In Figure 3-2: 


£= VIN Rin ый 0.1V(2kQ) "а 97 5mV 
АСА | Sone KO ——— 


Since 97.5mV is 97.5% of 0.1V, it is obvious that most of the input voltage is 
developed across the amplifier's input terminals. 


Similarly, in Figure 3-3. 


In this case, only 76.9% of the input voltage is developed across the amplifier's 
input terminals. The remaining 24.1% is dropped across the output resistance 
of the signal source. Since the signal voltage is decreased, when the amplifier 
loads the signal source, the effective voltage gain from the signal source to the 
load also decreases. 
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| 


. Figure 3-4 


Voltage source model for the output portion of an amplifier. 


Output Resistance 


A voltage source model for an amplifier was provided earlier in Figure 3-1B. 
The output portion of this model is repeated in Figure 3-4. Note that the portion 
of the amplified signal voltage, Avv’, that is actually developed across the load 
terminals, vo, is via voltage division: 


Avv’ (Ru) 
= —————— Eq. 3-7 
vo Rot PR. (Eq. 3-7) 


If the load resistance is small compared to the amplifier's output resistance, only 
a fraction of the amplified signal voltage, Ayn’, will actually be developed across 
the load terminals. In other words, a small value of R. loads the amplifier output, 
in much the same way that a small value of Ам loads the signal source. Naturally, 
this output loading effect reduces the effective voltage gain from the signal source 
to the load. 


Based on the previous discussion, it is apparent that the following characteristics 
are desirable for a voltage amplifier. 


1. А large input resistance, Ry. This minimizes the loading of the 
signal source by the amplifier. In addition, a large value of Rin 
reduces the current supplied by the signal source to the amplifier. 
This is also desirable. 


2. A small output resistance, Ro. This minimizes the loading of 
the amplifier by the load resistance, R.. 


3. High voltage gain, Ay. This implies that the amplifier can be used 
to amplify small signal voltages with a minimum number of amplify- 
ing stages required. 
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Coupling Techniques 


In practical amplifiers, some means must be used to connect the input signal 
to the amplifier and extract the amplified signal from the amplifier. The methods 
used to do this are called coupling techniques. 


Possible coupling circuits are illustrated in Figure 3-5. A brief description of each 
circuit follows: 


DIRECT COUPLING 


As shown in Figure 3-5A, the signal source is connected directly to the amplifier's 
input terminal, and the load is connected directly to the amplifier's output terminal. 
Direct coupling is used in amplifiers designed to amplify DC, or low frequency 
AC signals. 





DIRECT COUPLING 


Ay | 
VIN RL | 


TRANSFORMER COUPLING 


C 
©. cet = 
Ay 
R Ri 


RC COUPLING 


Figure 3-5 


Coupling techniques. 
A. Direct coupling. 
B. Transformer coupling. 
C. RC coupling. 
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Since direct coupled amplifiers can amplify DC signals, changes in the DC supply 
voltage, Vee, and other DC quantities tend to be amplified along with the signal 
voltage. Undesired amplification is termed drift. Drift is the principle disadvantage 
of direct coupling. 


TRANSFORMER COUPLING 


As shown in Figure 3-5B, the input and output signals can be coupled through 
transformers. Since transformers are highly efficient devices, this form of coupling 
is also very efficient. The disadvantages of transformer coupling include the rela- 
tively high cost, size, and weight of suitable transformers for audio frequency 
applications. In addition, the inductive characteristics of the transformer limit the 
range of frequencies that can be amplified. 


RC COUPLING 


Figure 3-5C illustrates the most frequently used coupling circuits. Here, capacitors 
С, and С» pass AC signal frequencies, and block DC signals. The DC blocking 
function ensures that the DC currents and voltages in the amplifier are not 
changed by the presence of DC in the signal source or load device. 


In addition, the capacitors prevent the flow of DC current from the amplifier to 
the signal source and load. The advantages of RC coupling include simplicity 
and low cost. The major disadvantage of RC coupling is that DC and low fre- 
quency AC signals cannot be amplified. 


Amplifier Circuits 


The biasing circuits discussed in Unit 2 are redrawn in Figure 3-6A. Remember, 
when Ве = О, the emitter feedback circuit reduces to a base bias circuit, and 
the collector and emitter feedback circuit reduces to a collector feedback circuit. 
For this reason, we will consider only four circuits. 


In Figure 3-6A, the emitter resistor, Re, has been split into two series components, 
Re, and Re, such that: 


Re = Re, + Re, (Eq. 3-8) 


At the appropriate time, we will consider why the emitter resistor is split into 
two components. For now, we will simply note that this is the case. 


(А) TYPICAL BAISING CIRCUIT 


у Мес 
Усс Усс єс 
» 
R 
Rg [ Я с 
R R| с 
Rg с 
RE RE 
RE RE, 1 1 
R 
: Re Rg R2 RE B RE 
R R R 

Reo Е2 E2 E2 

Г š -VEE 

EMITTER FEEDBACK BIAS COLLECTOR AND EMITTER VOLTAGE DIVIDER BIAS EMITTER BIAS 


FEEDBACK BIAS 


J TYPICAL VOLTAGE AMPLIFIERS 


Усс Усс 


| 


$ Rc 
С 


Кв 2 
РЕ же 
1 

Rey 

REg 


= e=se=e vg с; 
v9 [t Cy —O v9 
RL RI 
Ry RE) 
R v 
IN YIN 2 IN 
"E i 








Figure 3-6 


sJeyiduv әбецодл іәшші-иошшо2 


Common-emitter biasing and amplifier circuits. 
A. Typical biasing circuits. 
B. Typical voltage amplifiers. 


B 
=i 
N$ 
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By adding three capacitors, a signal source, and a load resistor to the biasing 
circuits in Figure 3-6A, you obtain the amplifier circuits shown in Figure 3-6B. 
Here, C, is the input coupling capacitor, and С» is the output coupling capacitor. 
Capacitor Сз is called an emitter bypass capacitor because it is used to bypass 
the AC component of the emitter current around Ве. We will have more to say 
about this later. 


In order to analyze and design the amplifier circuits in Figure 3-6B, it is necessary 
to be able to visualize the DC and AC equivalent circuits for each amplifier. 


Equivalent Circuits 


In Unit 1, the superposition theorem was employed to analyze diode circuits driven 
simultaneously from a large DC and small AC source. Essentially the same ap- 
proach is used to analyze transistor circuits. Specifically, the DC and AC equiva- 
lent circuits are obtained as follows: 
DC EQUIVALENT CIRCUIT 

1. Replace coupling and bypass capacitors by open circuits. 


2. Reduce AC sources to zero. 

AC EQUIVALENT CIRCUIT 
1. Replace coupling and bypass capacitors by short circuits. 
2. Reduce all DC sources to zero. 

Example 3-5 


Sketch the DC and AC equivalent circuits for the amplifier 
shown in Figure 3-7A. 


To obtain the DC equivalent circuit ъ is reduced to zero, and the capacitors 
are replaced by open circuits. In Figure 3-7A note that: 


1. Opening С; effectively removes the AC source from the circuit. 


2. Opening С» effectively removes the 10k load resistance from 
the circuit. 


3. Opening Сз places the 1КО and 0.5КО emitter resistors in series. 
Thus, the equivalent DC emitter resistance is 1.5КО. 
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15V 15V 


Rg Rc 
385kQ 2kQ 
vo 
RL RE 
10kQ 1.5kQ 


VIN 


DC EQUIVALENT CIRCUIT 





ORIGINAL CIRCUIT 





AC EQUIVALENT CIRCUITS 


Figure 3-7 


AC equivalent circuits. 
A. Original circuit. 
B. DC equivalent circuit. 
C. AC equivalent circuits. 
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For these reasons, the DC equivalent circuit appears as shown in Figure 3-7B. 
Here, the various DC currents and voltages can be calculated as shown in 
Unit 2. 


The AC equivalent circuit is obtained by reducing the DC source to zero, and 
replacing the capacitors by short circuits as shown in Figure 3-7C. Note that: 


1. Тһе 2kQ collector resistor and the 10k load resistor are con- 
nected in parallel. The equivalent resistance of the parallel combi- 
nation, r, is: 


r. = RglR. = 2к0]10К0 = 1.67k0. 


2. Тһе 358k base resistor is in parallel with the AC input voltage, 
VIN: 


3. The 1КО emitter resistor is shorted by C3. This makes the equiva- 
lent AC emitter resistance 0.5КО. 


For these reasons, the AC equivalent circuit in Figure 3-7C can be redrawn, 
in simplified form, as shown in Figure 3-7D. 


Example 3-6 


What do the DC and AC equivalent circuits look like for each 
voltage amplifier in Figure 3-6B? 


DC Equivalent Circuits 


To obtain these circuits, you reduce the AC sources to zero, and open each 
capacitor. Once this is done, you are left with the biasing circuits. Therefore, 
the DC equivalent circuit for each amplifier in Figure 3-6B is the corresponding 
biasing circuit in Figure 3-6A. 


AC Equivalent Circuits 


To obtain these circuits, you reduce the DC sources to zero, and replace the 
capacitors with short circuits. By following this procedure, you obtain the AC 
equivalent circuits shown in Figure 3-8. Notice that the emitter feedback, voltage 
divider, and emitter-bias amplifier circuits all reduce to the same AC equivalent 
circuit. 


Once Vec is reduced to zero in a voltage divider-type amplifier, the biasing resis- 
tors R, and Re are connected in parallel. For this reason, the value of Rg in 
the AC equivalent circuit equals R,||Ro. 
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AC EQUIVALENT CIRCUIT FOR THE EMITTER FEEDBACK, VOLTAGE 
DIVIDER, AND EMITTER-BIAS AMPLIFIER CIRCUITS IN FIGURE 3-68. 


IN THE CASE OF THE VOLTAGE DIVIDER-TYPE AMPLIFIER Кв= К} [1Кә. 


гіз ЕС ІТ 


АС EQUIVALENT CIRCUIT FOR THE COLLECTOR AND EMITTER FEEDBACK 
AMPLIFIER CIRCUIT IN FIGURE 3-68. 


Figure 3-8 


Common emitter amplifier AC equivalent circuits. 

A. AC equivalent circuit for the emitter feedback, voltage divider, 
and emitter-bias amplifier circuits in Figure 3-6B. In the case 
of the voltage divider-type amplifier Нв = Н4|Нә. 

B. AC equivalent circuit for the collector and emitter feedback 
amplifier circuit in Figure 3-6B. 
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AC Transistor Models 


In order to analyze transistor AC equivalent circuits, you need an AC model 
for the transistor. A large number of BJT AC models have been developed since 
the transistor was first invented. Generally speaking, the choice of a particular 
model represents a compromise between the inherent accuracy of the model, 
and the model’s complexity. 


For example, Figure 3-9 illustrates a very accurate, but obviously complex, AC 
model for an NPN BUT. Let's briefly examine the various parts of this model. 


Ce Ce 


Kvcb 


Ch Tb 


Figure 3-9 


A reasonably complete AC transistor model. 
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The use of lower case subscripts generally indicates an AC quantity. To avoid 
confusing DC and AC quantities, we will use capital letters for DC quantities, 
and lower case letters for AC quantities. For example, Усе denotes the DC collec- 
tor-to-emitter voltage and vce denotes the AC collector-to-emitter voltage. 


гг — Essentially, this represents the junction resistance of the forward biased 
emitter-base diode. Ideally, re’ = г; = 26mV/lg. Since there are wide unit-to-unit 
variations in the value of те”, we will use the following compromise formula for 
purposes of calculation: 


37mV 
fe = rj = EE (Eq. 3-9) 
E 


rp, — This component of the resistance in the base leg is called the base-spread- 
ing resistance. The value of гь’ depends upon the construction details of the 
transistor, doping levels, etc. For general purpose transistors, гь’ is usually less 
than 2000. 


гс! — This is the AC resistance of the reverse biased collector-base diode. Typi- 
cally, г.’ has a value in excess оҒ1М0. 


Re, Ry, Re — These represent the ohmic, contact, and lead resistances of the 
internal emitter, base, and collector portions of the BJT. 


Le, Lp, Lc — These represent the emitter, base, and collector lead inductances. 
Ce, Cb, Се — These represent internal shunt capacitance. 


Coe; Cre, Ceb — These are the terminal-to-terminal capacitances. Such capaci- 
tances vary with lead length, case types, etc. 


кусь — The output voltage of a BUT has a small effect on the base current. 
To account for this the dependent voltage source, кусь, is included in the model. 


Bá — This dependent current source is used to account for the current amplifying 
properties of the BJT. 


3-24 | UNIT THREE 


Fortunately, for most applications, a BUT model as complex as the model іп 
Figure 3-9 is not necessary. In fact, for low and mid-frequency applications, the 
greatly simplified BUT model in Figure 3-10 is usually adequate. Naturally, at 
high enough frequencies the various reactive elements in Figure 3-9 cannot be 
neglected. We will have more to say about this in Unit 9 when high frequency 
effects are discussed in detail. 





B 


Figure 3-10 


Simplified AC transistor model. 
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AC Parameters 


The most useful AC or small signal BJT parameters include B, o, and гь’. In 
Unit 1 B and o were defined as: 


Ic їс 
В = — and a= — 
lg le 


where lg, lg, and Ic represented DC quantities. Also, recall that: 





Nee = B, B = and a = 


a 
1-а B+1 


The AC values of B and a are defined in terms of ratios of current changes 
rather than DC values. Specifically: 


Here, the symbol A means “a small change in.” 


Although the DC and AC values of B are usually close in value they are not 
equal. Consequently, to distinguish between a BJT's DC and AC B values, BJT 
data sheets normally use the following notation: 


DCB = hfe and ACB = hie 


Remember, to avoid confusing DC and AC quantities, we will use capital letters 
for DC quantities and lower-case letters for AC quantities. 
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Self-Test Review 





1. An amplifier whose voltage gain is 100 has a dB voltage gain of 
dB. 


2. A dB voltage gain of 30 corresponds to a regular voltage gain of 


3. To avoid loading the signal source, an amplifier's input resistance should 


бе 7  comparedto the output resistance of the signal source. 
large or small 


4. To avoid loading the output of an amplifier, the load resistance should 


be | | AJ  . . compared to the amplifier's output resistance. 
large or small 


5: The most frequently used coupling technique in BUT circuits is 


coupling. 
6. In the AC equivalent circuit, coupling and bypass capacitors are replaced 
by. ..  dcircuits. 
open or short 
7. In the DC equivalent circuit, coupling and bypass capacitors are replaced 
by: x o _ iC ieuits: 
open or short 


8. Assuming lcg = 1mA and Vceq = 6V the value of г.’ is approximately 
eee 
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9. In Figure 3-11 the AC load resistance is д КО. 


10. In Figure 3-11 the AC emitter resistance is — —— Q. 


v 


VIN 





-15V 


Figure 3-11 


Circuit for Self-Test Review questions 9 and 10. 
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Answers 





The solutions to appropriate questions follow: 


1. 


2. 


10. 


Avas = 20 log Ay = 20109 100 = 40dB 


Avas = 20 log Ау 


30 = 20 log Ay 

30 
(болуге Sa ne 
СЭН 130 
Thus: 


Ay = 10 15 ог31.6 


Since Ісо = 1тА, le is essentially 1mA. Using the compromise formula 
for re' you have: 





In the AC equivalent circuit, Figure 3-8A, г = Ңс||Ң,. Therefore: 


4.7kQ(10kQ) 
4.7k0 + 10k? 





r. = 4.7К0|10К0. = = 3.2k0 


In the AC equivalent circuit, Figure 3-8A, the AC emitter resistance equals 
Re,. Thus: 


Ве, = Re, = 4700 
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ANALYSIS ОҒ COMMON EMITTER AMPLIFIERS 





In this section, we will use the AC equivalent circuits and simplified AC BJT 
model to derive a number of formulas useful for the analysis and design of com- 
mon-emitter voltage amplifiers. 


In addition, we will discuss Miller's theorem. As you will see, Miller's theorem 
is especially useful for analyzing amplifiers that use collector feedback in their 
biasing schemes. Finally, formulas will be provided to simplify the analysis pro- 
cess. 
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Emitter Feedback, Voltage Divider, and Emitter Bias-Type 
Amplifiers. 


Look at the AC equivalent circuit in Figure 3-12A. By replacing the transistor 
with the simplified AC BJT model of Figure 3-12B, you obtain the circuit shown 
in Figure 3-12C. Since rc' is usually large enough to neglect, we have not included 
it in the AC equivalent circuit of Figure 3-12B. 


By starting at the base terminal and following the path indicated by the dotted 
lines in Figure 3-12C, the following loop equation can be written: 


VIN — Ве, — fe’ = 0 
Solving for the AC emitter current, će, yields: 


b= —— —- xis (Ед.3-10) 
be me © q. 


In Figure 3-12C, note that the AC collector current, (с, flows through the AC 
load resistance, г. Here, the direction of (с is such that when ум is positive 
vo is negative. Therefore, via Ohm's law: 


— VIN 
Re, + Ге” 





rL (Eq. 3-11) 


Vo = s 


The negative sign in Equation 3-11 simply indicates that vn and vo аге 180° 
out of phase with each other. 


Recall that the voltage gain, Av, is the ratio of vo to им. Solving Equation 3-11 
for this ratio, you obtain: 


=f. 


A = — 
ы Re, + Var 


(Eq. 3-12) 


Once again, the negative sign indicates that vo and ум are 180° out of phase 
with each other. 


Since the output current is & and the input current is ¿, the current gain, Ai, 
is: 


A=— =B=h. (Eq.3-13) 
tb 
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® 


ry 
IN Rg Rey 


я < — 
© 


AC EQUIVALENT CIRCUIT 


іс = Bip 25 іе 


Bo m с 
WY 





SIMPLIFIED AC TRANSISTOR MODEL 





AC EQUIVALENT CIRCUIT WITH SIMPLIFIED BJT MODEL. 
Figure 3-12 


AC models for the emitter feedback, voltage divider, and emitter-bias 
common emitter amplifiers. 
A. AC equivalent circuit. 
B. Simplified AC transistor model. 
C. AC equivalent circuit with simplified BUT model. 
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To find the power gain, A,, multiply the magnitude of the current and voltage 
gains. Thus: 


Br. 
= AAy = —— aəaT..Ha Eq. 3-14 
Ap V Re, + te’ (Eq ) 


The load seen by the signal source is the amplifiers input resistance, Rin. As 
shown in Figure 3-13, Rın equals the parallel combination of Rg and the equivalent 
resistance between the base of the transistor and ground, RinBase)- 





"IL 
VIN RB RE 


RIN (Base) 


RIN = Кв Il RIN (Base) 


Figure 3-13 


Input resistance. 
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In Figure 3-13 note that the voltage between the base of the transistor and ground, 
vp, equals vıy. Also, since the base current is ij Ohm's law сап be used to calculate 
the value of Riu(gAse as follows: 


VIN 


19 
RiN(BASE) = T = A (Eq. 3-15) 


From Equation 3-10 on Page 3-30, you know that: 





A » VIN 
Re, + te 
| { 
Since = —: 
B 
VIN 
жа ee Eq. 3-16 
by B(Re, + re) (Eq ) 


Substituting Equation 3-16 into Equation 3-15 yields: 
Riniease) = B(Re, + re") 
Consequently, the input resistance of the amplifier is: 
Ам = RellRinease) = RallB(Re, + ге) (Ед. 3-17) 


Dependent sources, like Bá, complicate the process of calculating the output 
resistance of an amplifier. For this reason, we will not derive a formula for Ro. 


In any event, the output resistance of common-emitter amplifiers is large. For 
most common-emitter amplifiers, you can assume Ro = Re. Thus, loading of 
the amplifier's output will be minimum if RL>>Rc. 
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The following examples illustrate the analysis of typical common-emitter circuits. 


Example 3-6 


The BJT in Figure 3-14A has an hg, of 150. Calculate the DC 
emitter current and DC terminal-to-ground voltages. Also esti- 
mate the input resistance, voltage gain, and the peak AC output 
voltage. (If necessary, refer to the common-emitter biasing and 
amplifier circuits in Figure 3-6.) 


First you calculate the DC responses. By mentally opening the capacitors and 
reducing the AC source to zero, you obtain the DC equivalent circuit shown in 
Figure 3-14B. Here: 


Ve 15У) у 
в токо + 10000: 


Ve = Мв - Vee = 7.5V - 0.7V = 6.8У 


Vc = 15V - 1тА(ЗКО) = 12V 
Next you calculate the AC responses. If you replace the capacitors with short 
circuits, and reduce the DC source to zero, you have the AC equivalent circuit 
shown in Figure 3-14C. Here, note that: 


п = Rcl|R. = ЗКО|1МО = ЗКО 


Since the 10uF bypass capacitor shorts out the entire 6.8kQ emitter resistor 
Re = 0. 


In addition, since lg = 1mA, r,’ is: 
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15V 


vo 


IMQ 


5mV PEAK 
f =1k Hz 





ORIGINAL CIRCUIT 


15V 
Rc 
R1 3kQ 
10kQ 
R2 RE 
10ко 6.8kQ 


DC EQUIVALENT CIRCUIT 


FE 
5mV PEAK RIN - Эко 
f = 1k Не 2.63kQ 


AC EQUIVALENT CIRCUIT 
Figure 3-14 


Circuits for Example 3-6. 
A. Original circuit. 

B. DC equivalent circuit. 
C. AC equivalent circuit. 
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Therefore: 


Rinease) = B(Re, + гь) = 150(0 + 370) = 5.55КО 


Rin = RallRinease) 

Rin = (RillRa)IRincease) 

Rin = (10К0)|10К0)|5.55КО 
Rin = 5КО|5.55КО = 2.63КО 


zh эко 
Re, t fe 0 + 370 





Ay 


Since Ay = vov , vo = Avv. Thus: 


уо = Avv = —81.1(5mV) 


vo = —0.405V peak 


The minus sign indicates that vo and ум are 180° out of phase with each other. 


Example 3-7 


Sketch the input, base, emitter, collector, and output waveform 
for the amplifier in Example 3-6. 


Since the actual responses equal the algebraic sum of the DC and AC responses 
the waveforms appear as shown in Figure 3-15. The waveforms are: 


1. The input voltage is a 5mV peak sine wave as shown by waveform 
7: 


2. Since the input coupling capacitor approximates a short circuit for 
AC signals, the AC base-to-ground voltage equals ум or 5mV peak. 
The DC base-to-ground voltage is 7.5V. Hence, the total base-to- 
ground voltage consists of the 5mV peak AC signal riding on the 
7.5V DC level as shown by waveform 2. 


3. The DC emitter voltage is 6.8V. The AC emitter voltage is approxi- 
mately OV since the bypass capacitor approximates a short circuit 
for AC signals. Therefore, the emitter voltage appears as shown 
by waveform 3. 


4. Тһе AC collector voltage equals Avv or 0.405V peak. Since the 
DC -collector voltage is 12V, the total collector voltage appears 
as shown by waveform 4. 
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5. The output coupling capacitor passes the AC component of the 
collector voltage, and blocks the DC component. Therefore, the 
output voltage appears as shown by waveform 5. 
In Figure 3-15, you should also note the following: 
1. The input voltage is 10mV AC peak-to-peak. 
2. Theinput coupling capacitor charges to the DC base voltage. 
3. Thebypasscapacitor charges to the DC emitter voltage. 


4. Theoutput coupling capacitor charges to the DC collector voltage. 


5. The input and output voltages are 180? out of phase with each 
other. 


In many amplifiers, the coupling and bypass capacitors are electrolytic-type 
capacitors. Since electrolytic capacitors are usually polarized, you must make 
sure that they are connected into the circuit with the polarities as indicated in 
Figure 3-15. 






12. 405V 






7.505V 
1.495V 
-11.595V 
0 
t 
v 
v 
0. 405V 
5т\ @ — { 
0 
0 
-5mV -0.405V 
Figure 3-15 


| Waveforms for Example 3-7. 


e 


3-38 | UNIT THREE 


Example 3-8 


What is the AC output voltage in Figure 3-14A if R, is changed 
from 1М to 6k? 


The DC currents and voltages will be the same as in Example 3-6. Also, since 
le is 1тА, ге” is still approximately 370. In this case, however the AC load resis- 
tance is: 


r. = ВоВ, = зкО6КО = 2k? 


Thus, the voltage gain is: 


Therefore, the peak AC output voltage is: 


vo = Ауим = —54(5mV) = —0.27V 


In this example, the load resistance, Ri, is small compared to the collector resis- 
tance, Rc. As a result, the AC load resistance, г, decreased. This, in turn, reduced 
the voltage gain of the amplifier. 


Obtaining a Stable Voltage Gain 


Let's examine the formula for calculating voltage gain. Recall that: 


= —— .3-12 
Ay Re + te (Eq. 3-12) 
As in the previous examples, if the entire emitter resistor is bypassed by the 
emitter bypass capacitor, Re, = 0: 


, 


-rL 
Av = — (Eq. 3-18) 
ге 


The obvious advantage of bypassing the emitter resistor is that large values of 
gain сап be achieved. However, since ге” varies widely from one BJT to the 
next, it is difficult to predict the exact value of voltage gain for a particular circuit. 


Typically, гг! varies from 26mV/lg to 52mV/lg. For this reason, we normally use 
the compromise value of 37mV/lg to estimate the value of re’. The following exam- 
ple illustrates the effect of variations in ге! on the voltage gain of an amplifier 
whose emitter resistor has been bypassed. 
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Example 3-9 


In Figure 3-15, the voltage gain was calculated to be — 81.1, 
based on the assumption that r,” = 37mV/Ig. Estimate the volt- 
age gain ifr,’ = 26mV/Ig, and ifr.’ = 52mV/Ig. 


In Figure 3-15, lg = 1mA andr, = ЗКО. 








° 26mV 
Assuming Ге = ; 
le 
26ту 
f. = —— = 260 
1mA 
- -3kn 
Age с е 64 
fas 260 
І ‚_ S2mV 
Assuming ге’ = ; 
le 
52mV 
Te) = —— = 520 
1mA 
-=f ЗКО 
A EE ERIT. 2577 
fe 520 


Clearly, if many amplifiers like the one in Figure 3-15 were constructed, you 
would expect to find wide variation in the unit-to-unit gains. 


The standard techniques for stabilizing the voltage gain, with respect to variations 
in re', is to bypass only a portion of the emitter resistor. In this case, 
—rL 


Дус BR 
Re, + Te’ 


Obviously, if Re >>rə', variations іп Ге” will only produce slight changes in Ау. 
In this way, the voltage gain effectively becomes independent of the value of 
Ге’. In addition, since Німівазе) = B(Re, + Ге”), the input resistance of the amplifier 
is increased. This, of course, is desirable. 
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Example 3-10 


Figure 3-16 illustrates the amplifier we have been analyzing. 
In this case, however, the 6.8kf2 emitter resistor has been split 
into two series components. If Rg, is bypassed, calculate the 
voltage gain assuming r,” = 26mV/lg, r,” = 37mV/Ig, апа г,” 
= 52mV/Ig with г = 3К0. 


Since lg = 1mA, the values of гг! to be considered are 260, 370, and 520 
respectively. In Figure 3-16, Re, = 5630, and г, = ЗКО. Thus: 





When ге” = 260: 
- -3kQ 
Ay = ee 
Re, + г, 5630 + 260 
Whenr,’ = 370: 
A Fle = — 3k, 5 
Y Re, +т 5630 + 370 
Whenr,’ = 520 
—TrL —3k0 
hy = че =н = 4:88 


Comparing the results of Example 3-10 with those obtained in Example 3-9, you 
can see that the partially bypassed emitter resistor provides a very stable voltage 
gain. Obviously, to achieve this stability, you sacrifice a significant decrease in 
the value of the voltage gain. 


Figure 3-16 5mV PEAK 


f = 1 kHz 
Circuit for Example 3-10. 
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Collector and Emitter Feedback Amplifiers 


The presence of collector feedback complicates the AC equivalent circuit. In order 
to simplify the analysis and design process we will first discuss Miller's theorem. 


Figure 3-17A illustrates an inverting amplifer where a resistor, R, is connected 
between the input and output terminals. As far as the AC equivalent circuit is 
concerned, Miller's theorem lets you visualize the equivalent circuit shown in 
Figure 3-17B. Here, note that: 





1.  Theinput Miller resistance equals 
Ay + 1 


RAy 


Ay + 1 


Lage 


ORIGINAL CIRCUIT 





2. The output Miller resistance equals 





EQUIVALENT CIRCUIT 


Figure 3-17 


Miller's theorem. 
A. Original circuit. 
B. Equivalent circuit. 


3-42 | UNIT THREE 


The magnitude of Ay is used to calculate the input and output Miller resistances. 








For example, if Ay = —9, and R = 100КО, the input and output Miller resistances 
are: 
ме 100kQ — око 
9+1 
Fo - 100kQ(9) _ sono 
10 


Miller's theorem greatly simplifies the AC analysis of circuits with collector feed- 
back. Figure 3-18 illustrates this concept. By applying Miller's theorem to the 
circuit in Figure 3-18A, you obtain the equivalent circuit shown in Figure 3-18B. 
Since the output Miller resistance is in parallel with г, the circuit can be simplified 
as shown in Figure 3-18C. Also, since Rg is usually a large resistance value, 
the parallel combination of г, and the output Miller resistance is essentially equal 
to the value of r, . 


Especially important is the fact that the equivalent circuit in Figure 3-18C has 
exactly the same form as the AC equivalent circuit for the emitter feedback, volt- 
age divider, and emitter-bias amplifiers analyzed previously. For this reason, the 
formulas derived previously can also be used to analyze and design common- 
emitter amplifiers that use collector feedback. Naturally, when you calculate the 
input resistance of a common-emitter, collector feedback amplifier, you must re- 
place Rg with Rp’. 


The various AC formulas for common-emitter amplifiers are summarized in Table 
3-1 to simplify the analysis and design as much as possible. 
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ORIGINAL CIRCUIT 





Rg Ay 
Ay*l 





ғы б vg 
3% 


EQUIVALENT CIRCUIT 


SIMPLIFIED EQUIVALENT CIRCUIT 


Figure 3-18 


Applying Miller's theorem to a collector and emitter feedback-type 
common emitter amplifier. 
A. Original circuit. 
B. Equivalent circuit. 
C. Simplified equivalent circuit. 
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By using Table 3-1 in conjunction with the biasing summary guides in Unit 2, 
you should be able to calculate virtually any DC or AC current or voltage in 
a typical common-emitter amplifier. 


















Approximate Formula 


А F VIN 
AC emitter current i= — 
Re, + fe 


Voltage gain жей» 1 
i 
2 ш RUNE + Газ 


==——p 


Power gain = 
9 Wek’. + fe. 


Input resistance (base) RiN(gase) = Ne(Re, + ге’) 
Input resistance (total) Rin = Вв|Німцвлве) 
Output resistance a) 


Comments 


Bac = hie 


52т\/ f 37mV 
соса . For purposes of calculation, use re’ = 
E E 











қ 26mV 
Typically 


Rs = R,|[Re for the voltage divider circuit. 









Rs = Ав’ Т for the collector feedback circuit. 


TABLE 3-1 


Common-Emitter AC Formula Summary Guide 
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Example 3-11 


Calculate the voltage gain and input resistance for the circuit 
shown in Figure 3-19. Assume that hrg = hye = 150. 


First calculate the DC emitter current, lg. 


Мос — V V — 07V 
> ыы: ie ARS IE 








lc 
Re 645k. 
Re+ — 5k2+ —— 
AED 150 
Now: 
37mV 37тУ 
fe! = = — = 370 
le 1mA 
п = ВоВ, = 5к0|20к0 = 4kQ 
Since Re, = 0: 
= 06 — 4к0 
Ay = — ees 
V m 370 108.1 


Вімалве) = Me(Re, + re’) = 150(0 + 370) = 5.55КО 


From Miller’s Theorem: 


Re 645k. 


———— = ——— = 5.91kQ 
Ау + 1 109.1 


Вв’ = 


Therefore: 


10V 


Rin = Re’ llRinase) 
Rin = 5.91k0/5.55kQ = 2.86k0 


У0 


Ғідиге 3-19 


Circuit for Ехатріө 3-11. VIN 
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Self-Test Review 


Refer to Figure 3-20 for questions 11 through 15. 


11. The circuit's voltage gain equals 





12. The input resistance looking into the равеію- д КО. 


13. Тһеіпрш resistance of the circuitis_ KQ. 


TENES (0 





14. Thecircuit's output resistance equals 


15. The peak output voltage equals — V. 


vo 
Ri 
84mV 20kQ 
PEAK 
f :10kHz 





Figure 3-20 


Circuit for Self-Test Review questions 11-15. 
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Refer to Figure 3-21 for questions 16 through 20. 
16. The circuit's voltage gain equals __ 


17. Тһе input resistance of the circuit is _— AME 





18. Ifthe 1004F capacitor is open, the voltage gain will be 


19. То obtain а peak output voltage of 1V, vy must equal 1 | ту 
peak. 


20. Thecircuit's output resistance equals. . kQ. 


Need hre = 100 





Figure 3-21 


Circuit for Self-Test Review questions 16-20. 
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Answers 


ПЕ = 


12. 337КО 


13. 10.38к0 


14. 5КО 


15 Лу 





The solutions to questions 11-20 follow: 


Vee Vdg 15V — 0.7V 





ОК = ТЕ = ma 
Тарле Re 14.3kQ F 
Therefore: 
37mV 37mV 
re = = —— -370 
le 1mA 


And: 
п = RoR. = 5КО|20КО = 4kN 
Since Re, = 3002 we have: 


-rL —-4kQ 
Re, + ге’ 3000 + 370 


12. Амвлѕе) = hie(Re, + fe’) 


Німіваве) = 100(3000 + 370) = 33.7КО 
13. Ам = Release) = 15k0/33.7kQ = 10.38k0 


14. Ro=Rc = 5k 
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15. Since vy = 84mV and Ay = — 11.9, the peak output voltage, vo is: 
vo = Awn = 11.9(84mV) = 999.6mV = 1V peak 
16. For the emitter feedback circuit: 


Vcc - Мве _ 20V – 0.7V 19.3V 
Rs 765kQ 9.65КО 
100 





Thus 
37mV 37mV 
re = = —— = 18.50 
le 2mA 
Therefore: 
=f козко — 2k 
Re ee s к сар = —108 


Re +f. 0+ 1850 18.50 


17. Re = 765КО and Ringase) = hre(rs') because Re, = 0. Therefore: 


Rin = RallRinase) 
Rin = 765k0|100(18.50) 


Rin = 765КО(1.85КО  1.85kQ 


18. Assuming the 100ҺҒ capacitor is open, Re, = Re = 2k. Thus: 


= ru 2к0 


А = ——-——=—-—————————— 
V Re +re —2k0- 18.50 


= —0.99 


Incidentally, when you troubleshoot an amplifier whose gain is very low, 
one of the things to check for is an open emitter-bypass capacitor. 


19. Since Ay = —108 and vo = 1V peak 


1V 
VIN — шо = Шы, = 9.26т\/ реаК 
Av 108 


20. Ro~Rc = E 6kQ 
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AC LOAD LINES AND THE DESIGN OF COMMON 
EMITTER VOLTAGE AMPLIFIERS 


At this point, you should be able to calculate AC emitter, collector and base 
current, voltage, current and power gains, and the input and output resistances 
of typical common-emitter voltage amplifiers. 


In this section, you will learn how to estimate the maximum possible, undistorted, 
AC output voltage that can be obtained from a given amplifier. As you will see, 
the amplifiers AC load line is used for this purpose. In addition, several rules 
of thumb, and design examples will be provided that simplify the task of designing 
useful voltage amplifiers. 


The AC Load Line 


The DC load lines of the various common-emitter circuits are illustrated in Figure 
3-22A. Recall that the intercepts indicate the maximum possible DC collector 
current, Ic(sat), and DC collector-to-emitter voltage, Усегсіл): 


In a common-emitter circuit, the slope of the DC load line depends upon the 
total resistance between the collector and emitter terminals in the DC equivalent 
circuit. For the circuits discussed so far, this total DC resistance equals Rc + Re. 


For this reason, the slope of the DC load lines in Figure 3-22A is 
E 


From the introduction to AC load lines in Unit 1, recall that the AC load line 
crosses the DC load line at the Q point. The slope of the AC load line is determined 
by the total resistance between the collector and emitter terminals in the AC 
equivalent circuit. For the circuits discussed so far, this total AC resistance 


-1 
equals Re, +r_. Consequently, the slope of the AC load line is ----- as 


shown in Figure 3-22B. Re, +h 


To calculate the intercepts of the AC load line you need the AC load line equation. 
In geometry, the equation of a straight line in point slope form is given as: 


y — y, = mix - 2) 


Where: m = slope of the line. 
x andy are the variables. 
xı and y, are the coordinates of a point on the line. 
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(А DC LOAD LINES 





ҮСЕ 
0| Vec 0 VCC + VEE 


EMITTER FEEDBACK,COLLECTOR EMITTER BIAS CIRCUIT 
FEEDBACK, AND VOLTAGE 
DIVIDER CIRCUITS 








VCE 





Усға мај 


THE AC LOAD LINE 


Veeg + Ісо (RE, + 71) 


Figure 3-22 


Common emitter DC and AC load lines. 
А. DC load lines. 
B. The AC load line. 
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Applying this formula to the AC load line in Figure 3-22B yields: 


1 
lg leg = haw (Усе - Vceq) (Eq. 3-19) 


Equation 3-19 is the equation of the AC load line in a common-emitter circuit. 
The value of the vertical intercept is found by substituting Vce = 0 into Equation 
3-19, and solving for Ic. Similarly, the value of the horizontal intercept is obtained 
by letting Іс = 0, and solving for Vcg. Once this is done you obtain: 


VcEo 


Eq. 3-20 
Re rk (Eq. 3-20) 


lc = со + 


Vce = Усо + Ісо(Ве, + ru) (Eq. 3-21) 


Equation 3-20 indicates that the value of the AC saturation current, and Equation 
3-21 indicates the value of the AC cutoff voltage. To avoid confusing these 
quantities with the DC values of saturation current and cutoff voltage, we will 
adopt the following notation. 


Vcea 


j = co + 
aes) Өр Ве, ЕРИК 


AC values. 
VCE( cut) = VcEo T Ica(Re, ar n) 


Example 3-12 


Sketch the DC and AC load lines for the circuit in Figure 3-23A. 
Assume hre = Me = 100. 


The intercepts of the DC load line are: 


Усы cut) — Мес = 16V 


Before you can calculate the intercepts of the AC load line, you must calculate 
Ica and Vcgo. Thus: 


iix Me ee CMON" | ARR kn 

© Re 1.21M — 15.3К0, єз 
REFERS COE 

B 100 





Vcg = Vec - !с(Вс + Re) 


Мс = 16V - 1тА(2.8КО + 3.2КО) = 10V = Vceo 


YIN 





Ic (mA) 






С 





Vcc 
16V 


vo 

Ri 

2002 О 
+ 
RE? ЖІП; 
3kQ 
CIRCUIT 
AC LOAD LINE 
DC LOAD LINE 











12.39V 16V 


LOAD LINES 
Figure 3-23 
Circuit and toad lines for Example 3-12. 


А. Circuit. 
В. Load lines. 
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Усе (V) 


за 


Now: 


Vcea 


(s= ca Re, +r 


Since Rc = 2.8kQ апа R. = 10k: 
п = 2.8kOQ|10kQ = 2.19КО 
Therefore: 


10V 
cta = IMA + ———————— = 1mA + 4.18mA = 5.18mA 
се) 2000 + 2.19kQ 


VCE(cut) = Уса + lca(Re, + п) 


VCE(cut) = 10V + 1mMA(2.39kQ) = 12.39V 


The load lines are sketched in Figure 3-23B. 


Clipping Levels 


The details of the common-emitter AC load line are provided in Figure 3-24. 
Assuming the AC input voltage is zero, lc = Icq and Vce = Vcea. 


Obviously, when the AC input voltage goes positive, the collector current in- 
creases. Consequently, when the AC input voltage is at its maximum positive 
peak, the collector current is also maximum. Figure 3-24 indicates that under 
these conditions, the maximum possible value of the collector current is íc(say. 
Also note that if lc = сквар, Мс = OV. 
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Similarly, when the AC input voltage is at its maximum negative peak, the collector 
current is minimum. In this case, Figure 3-24 indicates that the maximum possi- 
ble value of the collector-to-emitter voltage is Мсесл). Note that if Vcg = усо), 
Ic = OA. Based on these observations, you can draw the following conclusions: 


1. The maximum possible positive swing in the AC output voltage 
equals Ica(Re, + п). 


2. The maximum possible negative swing in the output voltage equals 
“сеа. 


3. Тһе maximum useful, undistorted, peak output voltage equals Vceo 
or Ica(Re, + п), whichever is smaller. 





Q 
А Ісо 
vC (Sat) 


Ico 


= УсЕ 
Усео 


F— Veto — Feo Re *f11—9 
I ——————— — —— " ct (Cut) —— 44 


Figure 3-24 


Details of the common emitter AC load line. 
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These concepts are summarized graphically in Figure 3-25 as follows: 


1. In Figure 3-25A, the Q point is located near the upper end of the 
AC load line. When the input voltage goes positive Ic increases. 
However, since Ic cannot exceed іс(ва), a sufficiently large input 
signal causes the positive peak of the collector current to clip at 
ic(saty. Consequently, the output voltage is clipped on the negative 
half cycle as indicated in Figure 3-25A. 


2. Figure 3-25B illustrates what happens if the Q point is located 
near the lower end of the AC load line. In this case, the positive 
peak of the output voltage is clipped. 


3. |n Figure 3-25C, the Q point is located in the middle of the AC 
load line. In this case, you obtain the maximum possible unclipped 
output voltage. For this reason, when you design an amplifier, 
you should locate the Q point in the middle of the AC load 
line. 


If you examine Figure 3-24, it should be apparent that to locate the Q point 
in the middle of the AC load line: 


Vcea 
Re, + rL 





lees (Eq. 3-22) 


Equation 3-22 is useful for quickly determining whether or not a particular amplifier 
has acentered Q point. 
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(А) Ic 





VCE 


ш 1 i VCE (Cut) 


NEGATIVE CLIPPED OUTPUT VOLTAGE 





I 
"UT M тзгн. чы “¿GE DE 
O E | 01 "CE(Cut) 


+ 


POSITIVE CLIPPED OUTPUT VOLTAGE 


| "CE (Cut) 





MAXIMUM POSSIBLE UNCLIPPED OUTPUT VOLTAGE 


Figure 3-25 


Using the AC load line to predict clipping levels. 
A. Negative clipped output voltage. 

B. Positive clipped output voltage. 

C. Maximum possible unclipped output voltage. 
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Example 3-13 


The circuit in Figure 3-23A was partially analyzed in Example 
3-12. Recall that: 


Ica = 1mA lc(sat) = 2.67mA ÉC(sat) = 5.18mA 
Vceo = 10V VeE(cut) =16V VCE(cut) = 12.39V 
Also note that Кк, = 2000 and r, = 2.1950. Calculate the 
maximum possible, unclipped, AC output voltage that can be 
obtained from the amplifier. What value of vy, produces this 
output voltage? 
The positive clipping level is: 
Vo* = lca(Re, + п) = 1тА(2000 + 2.19kQ) = 2.39V 
Moreover, the negative clipping level is: 


Vo” = Vceo = 10V 


Since Мо“ is less than Vo the largest possible unclipped output voltage is 2.39V 
peak. 


To determine the value of ум that produces a 2.39V peak output voltage, you 
need to first calculate the voltage gain. Voltage gain is: 





en 2.19KQ 
Ay = —— = — = — 9.24 
Re, + re’ 2370 
Therefore: 
Vo  2.39V 
= — = — = 0.259V peak 
"de Б ОО : 


Incidentally, the negative portion of the output voltage will begin to clip when 
vin exceeds the following value: 


Vo 10V 
= -2 = — = 1.08V peak 
Log О cT E 
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Example 3-14 


Sketch the collector and output voltages for the amplifier in 
Figure 3-23A assuming vp is a 2V peak sine wave. 


In this case, ум is large enough to produce clipping on both the positive and 
negative portions of the output voltage. 


As discussed in Example 3-13, the positive and negative clipping levels are 2.39V 


and 10V respectively. Therefore, the output voltage appears as shown by 
waveform 3 in Figure 3-26. 


Vcc 
VIN 16V 
F 





Figure 3-26 


Waveforms for Example 3-14. 
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The collector voltage is the algebraic sum of the AC output voltage, and the 
DC collector voltage. The DC collector voltage is calculated as follows: 


Ус = Vee - IcRe 


Vc = 16V — 1тА(2.8КО) = 13.2V 


Since the AC output voltage has a positive peak of 2.39V, the collector voltage 
has a positive peak of 13.2V + 2.39V or 15.59V. Similarly, since the negative 
peak of the AC output voltage is 10V, the negative peak of the collector voltage 
is 13.2V — 10V or 3.2V. 


Hence, the collector voltage appears as shown by waveform 2 in Figure 3-26. 


Distortion 


Ideally, the output voltage from a linear amplifier has the same shape as the 
AC input voltage. Any change in the shape of the signal waveform represents 
distortion. Obviously, if you overdrive an amplifier with a large AC signal, the 
AC output voltage will be distorted because a portion of the output voltage is 
clipped off. 


When the AC oollector-to-emitter voltage approaches the saturation and cutoff 
points, the voltage peaks tend to round off as shown in Figure 3-27. The nonlinear 
characteristics of the transistor cause this type of distortion. Furthermore, the 
transistors current gain, B, decreases as the saturation and cutoff points are 
approached. 


For this reason, the maximum undistorted, peak AC output voltage is slightly 
less than the values predicted by Vceq and lco(Re, + ri). To minimize nonlinear 
distortion, you must do two things. First, the Q point should be located at or 
near the middle of the AC load line. Second, the signal swing should be limited 
so that the saturation and cutoff points are not approached during any portion 
of the AC cycle. 
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= УСЕ 
CE (Cut) 


OUTPUT WAVEFORM 
BEGINS TO ROUND OFF ————- 


rat a 


Figure 3-27 


Ico (Rp, + ri) 


CEQ 


An example of nonlinear distortion. 
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Designing Common-Emitter Voltage Amplifiers 


Some of the factors you should consider when you design an amplifier include: 


16 


2. 


9. 


Desired gain — voltage, current, and/or power. 

Load resistance. 

Output resistance of the signal source. 

Available supply voltages. 

Input and output resistance of the amplifier. 

Input and desired output signal amplitudes. 

Stability of the Q point with respect to variations in hfe. 
Stability of the voltage gain with respect to variations in rə’. 


Environmental factors such as temperature and humidity. 


10. Cost, number of components, size, weight, and tolerable distortion. 


Frequently, when you optimize one factor it is at the expense of another. For 
example, to achieve a stable voltage gain, only a portion of the emitter resistor 
is bypassed. In this case, the price you pay for the increased stability is a lower 
value of voltage gain. 


The design of an amplifier requires numerous compromises or trade-off's before 
you can select the final component values. Let's examine some of the more 
obvious compromises you need to consider. 
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CHOICE OF BIASING SCHEME 


The emitter feedback, collector feedback, and collector and emitter feedback cir- 
cuits provide quasi-stable Q points, and require a minimum number of compo- 
nents. Therefore, you should consider these circuits for those applications that 
require few components or where the input signal is relatively small. 


The voltage divider and emitter bias circuits provide very stable Q points, and 
require only a few additional components. 


Generally speaking, these are the preferred biasing schemes for discrete linear 
applications. These circuits can accept somewhat larger input signals than the 
other biasing schemes because the Q point is not likely to shift towards the 
saturation and cutoff regions due to temperature or unit-to-unit variations. 


FULLY OR PARTIALLY BYPASSED EMITTER RESISTOR 


To achieve large gains, the emitter resistor must be fully bypassed. If stability 
is essential, only a portion of the emitter resistor should be bypassed. Applications 
that require large stable voltage gains may need several stages of amplification. 


Applications that require a large input resistance for the amplifier should have 
a partially bypassed emitter resistor. 


SUPPLY VOLTAGE(S) 


The maximum peak AC output voltage is limited by Vceq and Ica(Re, + п). 
In turn, these quantities are limited by the available supply voltage(s). In any 
event, the supply voltage(s) must be large enough to provide the desired signal 
swing. We will have more to say about this concept later. 


CAPACITOR SELECTION 


The coupling and bypass capacitors must be chosen so that they approximate 
short circuits at the lowest frequency to be amplified, f;. For this reason, the 
following inequalities need to be satisfied when selecting capacitors: 


IXc,|<<Rin at fs 
IXc] - —R. at f, 


[Xc.| « «Re, at f, 
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By defining “much less,” <<, to be 1/20, you can find the value required for 








Сі as follows: 
sods: na9450- xc Pili 
Mel 7 euer fC; ~ 20 
Solving for C, yields: 
C, > A (Eq. 3-23) 
12 "ER ч 
Similarly, for Сг and Сз: 
C22 (Eq. 3-24) 
C32 2e (Eq. 3-25) 
Э ВЕ 4. 


In practice, standard value capacitors close to the calculated values would бе 
selected for the design. Naturally, the voltage ratings for C;, C2, and C3 should 
exceed the DC base, collector, and emitter voltages respectively. 


Depending upon the given amplifier specifications, additional compromises may 
have to be considered. 
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Design Procedure 


In designing a voltage amplifier, the basic problem is to select component values 
that provide the required voltage gain and also locate the Q point near the center 
of the AC load line. 


Frequently, the value of a single component affects several parameters. For ex- 
ample, if the value of Rc changes, the voltage gain, DC collector-to-emitter volt- 
age, clipping levels, and output resistance will also change. Consequently, in 
a well designed amplifier, the value chosen for Rc must simultaneously satisfy 
several parameters. 


By rearranging the formulas derived previously, you can develop a systematic 
design procedure for single supply circuits. For example, to design a partially 
bypassed emitter feedback amplifier, you can proceed as follows: 


1. Select Ico. The value chosen for Ico is somewhat arbitrary. For 
small signal amplifiers, 1 to 2mA is a popular choice. 


2. Calculate re’. The value of ге” is determined by your choice of 
Ico, sincere’ = 37mV/lco. 


3. Select Не. The purpose of Re, is to stabilize the voltage gain 
by masking out variations in гь’. If Re, is excessively large, the 
voltage gain will be very small. Thus, the value chosen for Re, 
represents a stability/gain trade-off. As a guide, Re, is usually 5 
to 10 times larger than re’. 

rL 

Re, + re ` 

Since the values of Re, and ге” were determined in steps 2 and 

3, the value of r, required to provide the desired gain is 

Av(Re, + rey 


4. Calculater,. The magnitude of the voltage gain equals 


5. Calculate Vcea. Since п = RRc, and the values of г, and В, 
are known, you can determine the value of Rc required to provide 
the desired gain. 
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6. Calculate “сес. At this point, the values chosen for Rc and Re, 
satisfy the gain requirement. In order to provide a Q point near 
the middle of the AC load line Vceq must equal Ico(RE + ri). 


7. Calculate Veg. For the emitter feedback circuit: 
Vea = Vece - ПсаНс + Vceal 
8. Calculate Re. From Ohm's law: 
Re = Veo/lca 
9. Calculate Re : 
Re, = Re - Re, 
10. Calculate Rg. For the emitter feedback circuit: 


Voc — [Vee + Vea] 
Вв = —— Y 
іво 
11. Calculate the minimum acceptable capacitor values. 


Similar procedures can be used to design the other single-supply common-emitter 
Circuits. 
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Design Guide 


The following design guide lists the steps and formulas for designing elementary 
common-emitter voltage amplifiers. To design circuits with fully bypassed emitter 
resistors, simply set Re, = 0 in the appropriate formulas. 


For a particular set of specifications, the following outcomes are possible: 


1. You quickly calculate a reasonable set of component values. In 
this case, you simply proceed through the. guide in a step-by-step 
manner. 


2. You calculate a value that is not a reasonable value. Examples 
include negative values of Vcgo, for NPN BJT's, and negative resis- 
tance values. In this case, you must "back up" to determine why 
this occurred. Often by changing a component value in a previous 
step, you can correct the problem. 


3. Component values cannot be calculated that satisfy all the original 
specifications. Here, you should consider changing the original 
specifications. If this is not possible, then a simple single-stage 
amplifier cannot be used for the design. 


By referring to the design guide and the material presented earlier, you should 
be able to design useful voltage amplifiers. The design of more complex amplifiers 
will be covered later. 


3-68 | unre rine 


COMMON-EMITTER VOLTAGE AMPLIFIER DESIGN GUIDE 
EMITTER FEEDBACK PARTIALLY 
BYPASSED 


Vcc 


Select Ico 


Calculate г.’ 


Select Re, 
Calculate г, 


Calculate Rc 


Calculate Vceq 
Calculate Veg 


Calculate Re 


Calculate Re, 


Calculate Rg 


Select capacitors 


Ica 
Re, = 5to 10 times г” 


tL = Av(re’ + Ве) 


Rir. 
m = 
° R-n 


Vceo = Ica(Re, + г) 


Vea = Vec - ПсоНс + Vceal 


Re, = Re — Re, 
Vcc — [Vae + Vea] 
Rg = ———————— 
lea 

3.18 3.18 
—— C22 

Ам HR. 
3.18 


f Re, 


1. 
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COLLECTOR AND EMITTER FEEDBACK 
PARTIALLY BYPASSED 


МЕС 


Select Ica 


Calculate г.’ 
Ica 


Select Re, Re, = 5to 10 times ге” 
Calculate г, r. = Av(re’ + Не) 
Rit 


Calculate Rc Rc = 
Re — r. 


Calculate Vceq Усво = lca(Re, + п) 


Calculate Veg Veo = Vee - [lcoRc + Vceal 
V 
Calculate Re Re= 208 
Ica 
Calculate Re, Re, = Re - Re, 
V -V 
Calculate Rg Ra = ee е 
во 
3.18 3.18 
МА ‘2 RR 
3.18 


АЕ, 


Select capacitors @ > 
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VOLTAGE DIVIDER PARTIALLY 
BYPASSED 


Vcc 


Select Ica 


Calculate г.” 


Select Re, Re, = 5to 10 times ге’ 


Calculate r. п = Av(re' + Ве) 
Rite 
Calculate Rc Re = —— 
R. Eq 

Calculate Vcea Vceo = іса(Ве, + ru) 
Calculate Veg Vea = Voc - ПсаВс + Vceol 


Calculate Re 


Calculate Re, 
Select Rz 


Ra(Vcc — Мао) 
Vea 


Calculate R4 Ri = 


Select capacitors 
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Example 3-15 


Design a small signal voltage amplifier that provides a typical 
voltage gain of 108. A general purpose BJT is available for the 
design whose hre = hfe = 100. Before you design the circuits, 
assume that: 


Усс = 20V 
R. = 3kQ 
f, = 100Hz 
The large voltage gain requires a fully bypassed emitter resistor. in this case, 


an emitter feedback circuit is suitable for the design. Referring to circuit 1 in 
the design guide, proceed as follows: 


1. Select Ica = 2mA 


37mV 37mV 
2. m = ———- — = 18.50 


3. Re, = Osince the emitter resistor is fully bypassed. 


4. n= Av(Re, + fe’) = 108(0 + 18.50) = 2КО 


3kQ(2kQ 
B. m ets ы =й 


Ri — r. ЗКО — 2kO 





6. Хово = Ica(Re, + п) = 2mA(0 + 2kN) = 4V 


7. Vea = Veo - [lcoRc + Voal 


Уға = 20V - [2mA(6kQ) + 4V] =4V 


9. Re, = Re = 2kQ (Re, = 0) 


10. Since ica = 2mA and hee = 100, Іво equals 2mA/100 or 204A. 
Then: 


Voc — [Vse + Veg] _ 20V — [0.7V + 4V] 


Re = 
е ius 20ҺА 


= 765kQ 
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11. To calculate С; you must first calculate Ryn. 


Rinease) = Ne(Re, + re’) = 100(0 + 18.50) = 1.85kN 


Rin = RallRinease = 765К0|1.85КО = 1.85KQ 


Then: 
3.18 3.18 = 
С — = --------- = 1.72 x 10^F 
12 Rw (100)(1.85kQ) 
С,> 17.24F 
For the other capacitors: 
3.18 3.18 
C2 -- = —— — = 1:08 x 10°F 
22 FRL  100(8kQ) 
C22 10.6uF 
3.18 3.1 
C3 > E = 1.59 x 1075F 


(Ве, 100(2К0) 


Сз > 15.9ҺҒ 


Common-Emitter Voltage Amplifiers | 3-73 


Ехатріе 3-16 


Design a small signal voltage amplifier to provide a stable volt- 
age gain of approximately 15. Assume: 


Мос = 15V 

В; = 6k? 

Nee = № = 100 
f4 = 500Hz 


The stable gain and single supply suggest a voltage divider circuit with a partially 
bypassed emitter resistor. Referring to circuit 3 in the design guide: 


1. Select log = 1тА. 


2. = 37mV Е 37mV = 370 


3. Select Re, = 10re’ = 3700 
4. = Av(Re, + Te’) = 15(3700 + 370) = 6.1kQ 


Rer _GkO(64dkO) oseka? 


D ee ee = 
vU f=. а ЧЕ 


Obviously, a negative value for Rc is not reasonable. To obtain a positive value 
of Rc, R.>r.. With Не = 3700 and г, = 370, the value of г, calculated іп 
step 4 was 6.1КО. Since В, = 6КО, you must change something so that R, 
will be larger than r, . 


What can you do? There are two options: 


1. Increase Ico. This results in a smaller re’. Consequently, you can 
use a smaller value of Re, to stabilize the gain. Since гп, = Ay(Re, 
+ ге), smaller values of Re, and/or ге” will decrease the value 
required for rc. 


2. Leave Ico at 1mA but decrease the value of Re,. For example, 
try Re, = 5ге’ or 1850. 
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Let's examine each option in more detail. 


For Option 1: 


1. 


Select Ilca = 2mA 


Select Re, = 10re’ = 10(18.50) = 1850 
п = Av(Re, + te’) = 15(1850 + 18.50) = 3.05kQ 


Note that RL>r_ which corrected the initial problem. 


R 6kOQ(3.05kQ 
Ro = UL o 9MNS05MD _ 6.2kQ 
Ri —r. 6kQ — 3.05kN 





Vcea = lca(Re, + п) = 2mA(1850 + 3.05kQ) 
Усға = 6.47V 


Vea = Vcc - (сос + Vceol 
= 15V — [2mA(6.2kQ) + 6.47V] 
=15V – 18.87V 
= —9.87V? 


Unfortunately, increasing Ica to 2mA solved one problem but created another. 
Clearly a negative value for Veg is not reasonable with an NPN BJT. To solve 
this problem, you could specify a larger supply voltage. For example if Vcc was 
increased to 25V, Veq would not be negative, and the design would proceed 


smoothly. 


Since the original specifications called for Vcc = 15V, let's explore option 2 
before changing specifications. 
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For Option 2: 


1. Selectlco = 1mA 
2. fe = 370 
3. Select Reg, = 5r,' = 5(370) = 1850 


4. п = Av(Re, + fe’) = 15(185 + 370) = 3.33k0 


5. Rc- = ————— = 7 48K 
° д-т 60 -= 3.33kQ 





6.  Vcea = Ica(Re, + п) = 1тА(1850 + 3.33k0) 
Vcea = 3.52V 


7. Vea = Vcc - ПсаВс + Vceal 
Уға = 15V - [1mA(7.48kQ) + 3.52V] 
Vea = 15V — 11V dV 


у 4У 
8. Re= = ma = 400 
са 


9. Re, = Re - Re, = 40 – 1850 = 3.815к0 = 3.8200 
10. Select Re = 3.9kQ 


Н.(Усс — Veo) 


11. R: = V 
BQ 


Since Veg = 4V, Vao = 0.7V + 4V = 4.7V. Thus: 


V - 47У 
ANE Lu Surio cA MUT T 
47У 
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12. Амвлѕе) = hre(Re, + re’) 
RIN(BASE) = 100(1850 + 370) = 22.2КО 


Rin = RillRallRineasey 
Rin = 8.55kQ|[3.9k022.2kN 
Rin = 2.68КО|22.2КО = 2.4k0 


Songs), ERI жай a 

12 Ам — 5004k0) 1012x100 ^^" 

NOI киби б Qaem. il MNT Ae 

?T NR.  ^5000k0)  ^3x400 P 
3.18 3.18 3.18 

бо жеш с Ше а ес BOLE 


f,Re,  500(3.82kQ) 1.91 x 1080 


The calculated capacitor values are minimum values. 


Emitter Bias Designs 


To design single-supply amplifiers, our method essentially consisted of the follow- 
ing steps: 


1. Rc was chosen to provide the desired value of voltage gain. 
2. The value of сео required to center the Q point was calculated. 


3. Re was then chosen to establish the value fo “сео calculated in 
step 2. 


In this way, both the gain and Q point requirements were satisfied. Symbolically, 
you can summarize the design steps as follows: 


Vcea = Vca - Vea 
And: 
Vea = Мес – lcoRc Vea = IcaRe 
Therefore: 


Vceo = (Vcc - IcaPic) - IcaRe 


Value of Rc sets gain Chosen so that Vceq equals 
and Vco value. the value required for a cen- 
tered Q point. 
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Let’s consider what happens if you apply these steps to an emitter bias circuit. 
Vcee = Уса — Vea 
And: 
Voce = Voc = ІсоВс Vea = ІсоВе кє Vee ss —0.7V 
Therefore: 
Vcea = (Мсс - !соВс) — (-0.7У) 
As before, the value of Rc establishes the gain and Vco 
value. Note however that the value of Re has very little 
effect on the value of Vceq since, in an emitter bias circuit, 
Vea = —0.7V. 
The value selected for Rc, to obtain the desired voltage gain, essentially fixes 
the value of Vcgo. It is unlikely that this value of Vcea will also provide а 
centered Q point. 
If a specific gain and centered Q point are both desired, you can do the following: 
1. Select “reasonable values" for the supply voltages. 


2. Design the circuit to obtain the desired voltage gain. 


3. Draw the circuits AC load line. From the load line, determine the 
values of Ica and Vceq necessary to center the Q point. 


4. Calculate the values of Vcc and Vee that provide the desired Q 
point. 


The following examples illustrate this process. 
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Example 3-17 


Design a x 10 emitter bias voltage amplifier to drive а 1050 


load. Predict the clipping levels of the amplifier, and sketch 
its AC load line. 


Our initial choice for supply voltages is + 15У. To select component values for 
a voltage gain of 10, you can proceed as follows: 


1. Select Ica = 1mA 


V 37mV 
2. Te’ = 37mv = —— = 370 
lco 1mA 


3. Re = 10r,' = 10(370) = 3700 


4. п = AvRe, + ге) 
r. = 10(3700 + 370) = 4.07КО 


r 10К0(4.07КО 
5. "Bem Вл 0 10KO(407kQ) ааа 
Re - п 10kQ — 4.07КО 


Vp - 07V. 15У – 07V 
6. Re= "MR = — 7140 
со 


7. Re, = Re - Re, = 14.3k0 - 3700 = 13.93kQ 


8. Вв = 10R¢ Select Rg = 150kQ 


Common-Emitter Voltage Amplifiers | 3-79 


Figure 3-28A illustrates the circuit. Naturally, capacitor values depend upon the 
lowest frequency, f4, to be amplified. 


To sketch the AC load line, you need the Q point and intercept values. Thus: 





lca = 1mA 
Уса = Veo — IcoRc = 15V = 1mA(6.86k0) = 8.14V 
Ма = -07V 
Vcea = Vea - Уға = 8.14V - (0.7%) = 8.84V 
Vcea 
қ Ж. 
(C(sat) = Ica Her 
8.84V 


бозау = 1MA + = 2.99mA = 3mA 


3700 + 4.07к0. 
Мосси = Vcgo + Ica(Re, + п) 
VcE(cut) = 8.84V + 1тА(3700 + 4.07kQ) = 13.28V 

The circuit's AC load line is illustrated in Figure 3-28B. Here, note that: 
V+ = 13.28V — 8.84V = 4.44V (positive clipping level) 


V = 8.84V (negative clipping level) 


In Figure 3-28B it is obvious that the Q point is not centered. Nevertheless, 
a useful, unclipped, output signal of approximately 4.44V peak can be obtained 
from the circuit. If the 10kO load only required a ЗУ peak signal, the amplifier 
in Figure 3-28 would certainly suffice. 
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10kQ 
YIN 





“ӘМ 
AN EMITTER BIAS. x 10 VOLTAGE AMPLIFIER 


Ic (mA) 


Veg (V) 


Cue 
13.28V 





8.84V 


AC LOAD LINE 


Figure 3-28 


Circuit and load line for Example 3-17. 
A. Anemitter bias x 10 voltage amplifier. 
B. AC load line. 
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Ехатріе 3-18 


Calculate the values of Vcc and Vgg in Figure 3-28A to provide 
a centered Q point. Sketch the modified circuit, and its AC 
load line. 


Our starting point is the AC load line in Figure 3-28B. Here, the values of Ica 
and Vceq corresponding to a centered Q point аге: 


ÉC(sat) 3mA 
сал Ou ae см е уууч 
em 2 2 


VcE(eut) = 13.28V 


Усға = — = 6.64V 
СЕО 2 2 


In an emitter bias circuit: 


Vcc = Vn, + Vczo + Vea 
Vcc = lcoRc T VcEQ - 0.7V 


Vee = ісоВе + 0.7V 
Therefore, the required supply voltages are: 


Voc = 1.5mA(6.86kQ) + 6.64V - 0.7V = 16.23V 


Vee = 1.5mA(14.3kQ) + 0.7V = 22.15V 
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Before we sketch the load line, let's verify the Q point and intercept values for 
the modified circuit in Figure 3-29A. Here: 


Vee = Nre к 22 15V ОУ 
SS rm 
Re 14.3к0 


Уса = Мес - IeaRc 
Усо = 16.23V — 1.5mA(6.86kQ) = 5.94V 


Veo = -(0.7У 
Vcea = Уса - Vea = 5.94V - (-0.7У) = 6.64V 


Vcea 
Re, aml fe 





ica = Ica + 


— Mà 6.64V E 
i = 3700 + 4.07kQ 


VcE(cut) = Мсғо + Ісо(Ве, + ru) 
сес) = 6.64V + 1тА(3700 + 4.07kQ) = 13.28V 


The load line is illustrated in Figure 3-29B. Here, note that the positive and nega- 
tive clipping levels are: 


V+ = V- = 6.64V 


In this case, an unclipped, peak output voltage can be obtained that is approxi- 
mately 2V larger than the amplifier in Figure 3-28A. 
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16.23V 


Р) 





-22.15V 


x 10 VOLTAGE AMPLIFIER WITH CENTERED Q POINT 


Ic (mA) 





1.5mA 





Vee (V) 


a Е 
13.28 


6.64V 


AC LOAD LINE 


Figure 3-29 


Circuit and load line for Example 3-18. 
A. x10 voltage amplifier with centered Q point. 
B. ACload line. 


З 4 4 4 If f q II R C C 


Self-Test Review 


The amplifier in Figure 3-30 is to be designed according to the following specifica- 
tions: 


Supply voltage = 30V. 

Quiescent collector current = 1.5mA. 

Lowest signal frequency to be amplified = 100Hz. 
Voltage gain = 20. 

Re, should be 10 times ге”. 


The BJT available for the design is a general purpose type whose hre = Ne 
= 100. 


У0 


10к0 
"IN 





Figure 3-30 


Circuit for Self-Test Review questions 21-30. 
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Based on the given information, and design methods provided in the unit, calculate 
the following: 


21. The required value of Re, = ———___. 


22. The required value of Rc = ——— kQ. 
23. Тһе required value of Re, = КО. 
24. Тһе required value of Rg = —— MQ. 
25. The required value of C; = HF. 
26. The required value of Co = — HF. 
27. The required value of Ca = pF. 


28. Тһе voltage ratings for Сі, C2, and Cs respectively should be larger than 
ШЕ олы” МЕ Seay апап" s V. 





29. The maximum, unclipped, peak output voltage is approximately 
лала И, 


30. Тһе intercepts of the circuit's AC load line аге íc(sag = —______mA, and 
VCE(cut) = SE xu жже оа s. 
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Answers 


21. 


22. 


23. 


24. 


25. 


2470 . 3.18 uF 
11.88k0 . 14.5pF 
2.1930 . 4.36V, 12.18V, and 3.29V 


0.521М0 . 8.52V 


2.45uF . 8mA, 17.04V 





The solution to questions 21-30 follow: 


21. 


22. 


3 
Since lcg = 1.5тА, г = ---- = 24.70 
= ° < 15mA 


Re, = 10r,' = 10(24.70) = 2470 
First calculate the required value of ri : 


п. = Ay(Re, + re’) 
п = 20(247() + 24.70) = 5.43КО 


Since: 


Rir. 
R = ——>—.———— 
7 R-n 


We have: 


1000(5.43КО) 
Ree сүс у) 
© чока - 5.43к0 
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23. Before Re, can be calculated, values for Vcgo, Veo, and Re are required. 
Thus: 


Усо = Ica(Re, + п) 
Vaa = 1.5тА(2470 + 5.43kQ) = 8.52V 


Vea = Мос - [lcoRc + Ус=о) 
Vea = 30V - [1.5mA(11.88kQ) + 8.52V] 
Vea = 30V — 26.34V = 3.66V 


Since Re, = Re — Re, we have: 


Re, = 2.44КО — 2470 = 2.193КО 


24. Since Ica = 1.5mA and hee = 100, the value of lsa is 1.5mA/100 ог 
15p.A. Thus: 


м -V 8.52V — 0.7V 
— S ыа =052їМ0 
Isa 15рА 


Вв = 
25. Before calculating the minimum acceptable value of C;, you must first calcu- 
late the amplifier's input resistance, Rin. 


Бімвлве) = hrelRe, + re'] 
Rini@ase) = 100[2472 + 24.70) = 27.17kQ 


Since the circuit employs collector feedback the value of Rg' is, from Miller's 
theorem: 


Re 0.521М0 


—— = ——— = 24.81kQ 
Ау + 1 20 + 1 


Re’ = 


Therefore, the effective input resistance is: 


Rin = Ва |Німвлсе) 
Rin = 24.81К0)|27.17КО = 12.97kN 


Finally, the minimum acceptable value of C4 is: 


3.18 3.18 3.18 


C, = — = SS ғ 
'  WRw — 100Hz(12.97kQ) 12.97 x 10° 


С, = 0.245 x 10-5Е = 2.454F 
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26. 


27. 


28. 


29. 


30. 


The minimum acceptable value С» is: 


oci. 3.18 _ 348 
2 WR,  100Hz(10kQ) 10 x 105 


C2 = 0.318 x 10-5F = 3.18uF 


The minimum acceptable value of Cs is: 


3.18 3.18 3.18 
Ве, 100Hz(2.493k0) 2.193 x 10° 


Сз = 1.45 x 10-5Е = 14.5pF 


С. charges to the DC base voltage, Vao. 
С» charges to the DC collector voltage, Vco. 
Сз charges to the DC voltage across, Re,. 


Therefore: 


Vc, = Vao = 0.7V + Vea = 0.7V + 3.66V = 4.36V 
Vc, = Vea = Vcc - !соВс = 30V — 1.5mA(11.88kQ) = 12.18V 
Vc, = IcaRe, = 1.5mA(2.193kN) = 3.29V 


Since the circuit was designed for a centered Q point: 
V+ = VT = Voa = 8.52V 


; Vczo 
(сва) = Іса + ——— 
Re, = Te 


j = 1.5mA + 224 = ЗтА 
ee De 2470 + 5.43k2 — 


VCE(cu) = Усо + lca(Re, + ru) 
УСЕ(ол) = 8.52V + 1.5тА(2470 + 5.43kQ) 
VCE(cut) = 17.04V 


Note that since the Q point is centered: 


icis) = 2\со 
VcE(cut) = 2Vcea 
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SUMMARY 


By adding coupling and bypass capacitors to the biasing circuits, you can con- 
struct useful voltage amplifiers. In these amplifiers, the DC currents and voltages 
can be calculated by using the formulas introduced in Unit 2. Similarly, by referring 
to Table 3-1, you can calculate the AC currents and voltages. Then you can 
obtain the actual, total responses by adding, algebraically, the DC and AC values. 


Equivalent circuits help you visualize the operation of BJT circuits. To obtain 
the DC equivalent circuit, you must replace coupling and bypass capacitors by 
open circuits, and reduce the AC source to zero. To obtain the AC equivalent, 
you must replace coupling and bypass capacitors with short circuits, and reduce 
DC sources to zero. 


The equivalent resistance between the collector and emitter terminals in the DC 
and AC equivalent circuits determines the slope of the DC and AC load lines. 
The point of intersection of the two lines determines the operating point, Q. Using 
this information, the intercept values of the AC load line were found to be: 


Vcea 


ісеа) = Іса = 
an Re, ЕКА 


VCE(cut) = Vcea + lca(Re, + п) 


The positive and negative clipping levels (V* and V `) for a particular circuit, 
can be estimated from the AC load line. They are: 


yt = Ісо(Ве, + n) 
V = Vcea 


When you design an amplifier, you should locate the Q point at or near the 
middle of the AC load line. The Design Guide in this unit gives a step-by-step 
procedure for doing this for single-supply circuits. Miller's theorem simplifies the 
design process for collector feedback amplifiers. 


In an emitter bias circuit, the value of Rg has very little effect on the value of 
“сес. 


Therefore, to obtain a specific gain and a centered О point, the design procedure 
must be modified as discussed in the text. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1. An amplifier whose voltage gain is 50 has а db voltage gain of: 


50. 
1.7. 
67.8. 
33.9. 


oom» 


2. An amplifier whose db voltage gain is 80 has a regular voltage gain of: 


A. 80. 

B. 1000. 
C. 10000. 
D. 100000. 


Э? A common-emitter amplifier that uses collector feedback has Rg = 520КО, 
Ay = 25, and Rnæase) = 10k. The amplifiers input resistance, Rin, is 


therefore: 
A. ге. 
В. 6.67КО 
C. 10К0. 
D. 520kQ||10kQ. 


20V 


Refer to Figure 3-31 for questions 4 through 8. 


4. The voltage gain is approximately: 


Co 
A. — 18.3. Ci vo 
В. -25. 
С. -216. 
RL 
D. -400. - 


20kQ 





5. Assuming hye = 150 the input resistance is: 


ES 


A. 7.66КО. l 1 
В. 10К0. -10.7V 

C. 32.8k0. 

D. lo. Figure 3-31 


Circuit for Unit Examination questions 4-8. 
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6. The circuit's output resistance is approximately: 


4kQ. 
SKO. 
10kQ. 
20КО. 


ooo» 


7. The clipping levels of vo are approximately: 


AT 107%. 

B. +10.7V, —8.4V. 
C. +8.4У, —10V. 
D. +20V. 


8. The largest value of ум that results in an unclipped output voltage is approxi- 


mately: 
A. 0.58V peak. 
B. 0.46V peak. 
C. 1V peak. 
D. 1.2V peak. 


Refer to Figure 3-32 for questions 9 through 15. 
9. Вс should equal approximately: 


14.2kQ. 
13КО. 
10k. 
8.76КО. 


coo» 


10. Re should equal approximately: 


A. 10КО. 
B. ЗКО. 

C. 21kQ. 
D. 1.8kQ. 


11. R2 should equal approximately: 


A. 21К0. 
B. 22k. 
C. 33k. 


D. 47kQ. 
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12. R; should equal approximately: 


142k. 
10k. 
86.7КО. 
129КО. 


comp» 


13. Тһе smallest acceptable value for С, is: 


A. 4.48uF. 
B. 30.3uF. 
C. 56.8uF. 
D. 65yF. 


14. Тһе smallest acceptable value for Cz is: 


А. 12.72uF. 
B. SO3pF. 
C. 56.8uF. 
D. 65pF. 


15. Thesmallest acceptable value for C; is: 


А. 4.48uF. 
B. 30.3pF. 
C. 56.8uF. 
D. O5pF. к МОТЕ: 
Ф пее = 80 
Ісо= !mA 
Ay = 100 
Ry Кс с, {| = 50Hz 
сі vo 
РЕ R° 5kQ 


Re T C3 


Figure 3-32 


Circuit for Unit Examination questions 9-15. 
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EXAMINATION ANSWERS 


1. D— Ave = 20log Ay 
Ау = 20 log 50 = 33.9db. 


2. С-- Since Avas = 80, we have: 


80 = 20 log Ay 

n | 
pc E 

Thus: 


Ay = 10* = 10 000 


3. В — Since collector feedback is used, you must calculate the value of Нв” 
via Miller's theorem. 


The amplifier's input resistance equals Ав'||Амвдѕе). Thus: 


Rin = 20КО10КО = 6.67kQ 


4. А — First calculate the values ofr,’ and г. 


Vee — Vae 10.7V — 0.7V 
lca = — oo, 


2 
Re БКО mA 


37т\/ 37т\/ 
— =—— = 18.50 


° lca 2mA 


r. = ВАА, = 5КО|20КО = 4k0 


Using the formula for voltage gain: 


Ry mee ee eae 
Y Re +re 2001150 ~” 
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5 


6. 


7. 


8. 


A — First calculate RiN(BASE): 


Rinæase) = hre(Rg, + fe’) = 150(218.50) = 32.8k0 


Since Rg = 10kQ, Rw is: 


Rin = RallRing@asey) = 10КО32.8КО = 7.66k0 


B — Inacommon-emitter amplifier Ro = Вс. Thus: 


Ro = 5kQ 


C — First calculate Vcga: 


Vca = Мес — IcaRe = 20V — 2mA(5kQ) = 10V 


Vea = — 0.7V 


“сва = Vea — Veo = 10V — (-0.7У) = 10.7V 


The negative clipping level, У”, = Vceq or 10.7V. 


The positive clipping level, V *, == Ica(Re, + т) Thus: 


V+ = 2mA(2000 + 4kQ) = 8.4V 


B — From question 7 the largest possible, unclipped, output voltage is 8.4V 
peak. Since Ay = 18.3, the value of ум that produces an 8.4V peak 
output voltage is: 


vo 


8.4V 
Vin = — = —— = 0.46V реак 


Av 183 


For questions 9-15, the indicated steps correspond to those in the Design Guide. 


9. 


А — 1. 
2. 


3. 
4. 


Ica = 1тА 
37mV 37mV 
r= —— = —— = 370 
ісо 1тА 


Re, = Osince the emitter resistor is fully bypassed. 

п = Av(Re, + re) 

п = 100(0 + 370) = 3.7kQ 
Rr. _ 5k0(37kQ) 


Вс = = ------------- 
R. - т 5К0 – 3.7kQ 


= 14.2kQ 
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10. С— 6. хо = Іса(Ве, + ru) 
Vcea = 1mA(0 + 3.7k0) = 3.7V 
7. Vea = Vcc - [lcoRc + Vceol 
Vea = 20V — [1mA(14.2kQ) + 3.7V] 
Vea = 20V — 17.9V = 2.1V 
Va aW 


KU REC ee 
Sr len. AA 


= 2.1kQ 


11. A— 9. Rs = Re = 21k0 (Re, = 0) 
10. Re < 10Re 
Ro < 10(2.1kQ) 
R2 <21к0 


12. D— 11. Forthis example R2 = 21КО: 


Re(Vcc - Vea) 


FE 
1 Veo 


Since Veg = 2.1V, Veo = 2.1V + 0.7V = 2.8V Thus: 


21К0(20% — 2.8V) 
в, ea тај 
i 2.8V 


13. C— 12. First calculate Rn: 


Rinease) = Me(Re, + Ге”) 
RIN(BASE) = 80(0 + 370) = 2.96k0 


Re = RillRe = 12.9kQ|2.1k0 = 1.8к0 


Rin = RallRingasey = 1.8К0]2.96к0 = 1.12k0 


Finally, the minimum value for C+ is: 


3.18 3.18 
= — = —— = А Е 
ыы ыы (UR 
318 318 
14. A— 12. C= --------- -1272yF 
2 WR.  50(5k0) á 
E 3.18 
15, 2 do су сз езе Saar 


fiRe, 50(2.1К0) 
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INTRODUCTION 


Unit 3 discussed the analysis and design of common-emitter voltage amplifiers. 
In this unit, you will learn how to analyze and design, single-stage, common-base 
and common-collector voltage amplifiers. 


As you will see, the methods used to analyze and design these amplifiers are 
similar to the methods used to analyze and design common-emitter circuits. In 
a later unit, you will learn how single-stage amplifiers can be combined to produce 
multistage amplifiers. 


Finally, we will discuss how BJT circuits can be analyzed by using hybrid parame- 
ters. Since most data sheets provide "hybrid parameter values," you should under- 
stand what these values mean, and how they can be converted to the AC parame- 
ters you are already familiar with. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


1. 


2. 


Analyze and design common-base voltage amplifiers. 
Analyze and design common-collector amplifiers. 
Analyze and design Darlington-pair emitter-followers. 


Given h parameters for one configuration, calculate the h parameters for 
the other two configurations. 


Estimate values of a, В, re’, гь’ andr,’ from h parameter data sheet values. 


E O m e Е EE eel КЕН p D 
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UNIT ACTIVITY GUIDE 


Read section on “Common-Base Amplifiers.” 
Answer Self-Test Review questions 1-10. 
Perform Experiment 6 in Unit 9. 

Read section on “Common-Collector Amplifers.” 
Answer Self-Test Review questions 11-22. 
Perform Experiment 7 in Unit 9. 

Read section on “Hybrid Parameters.” 

Answer Self-Test Review questions 23-32. 
Study Summary. 

Complete Unit Examination. 


Check Examination Answers. 
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COMMON-BASE AMPLIFIERS 


In a common-base amplifier, the AC input signal is applied to the emitter terminal. 
As with common-emitter amplifiers, the AC output signal is taken from the collector 
terminal. 


Compared to common-emitter amplifiers, common-base amplifiers have a very 
small input resistance. This is why common-emitter amplifiers are generally pre- 
ferred for low and mid-frequency applications. High frequency effects will be dis- 
cussed in Unit 9. Here, you will find that common-base circuits are, in some 
respects, superior to common-emitter circuits for high frequency applications. 


DC Analysis 


A typical common-base amplifier is illustrated in Figure 4-1A. Note that the polarity 
of the Vee source is such that the emitter-base diode is forward biased. Similarly, 
the collector-base diode is reverse biased by Vcc. 


By reducing the AC source to zero, and opening the capacitors, you obtain the 
DC equivalent circuit shown in Figure 4-1B. The analysis of this circuit is 
straightforward, and proceeds as follows: 


Starting at the positive side of Vee and going around the emitter-base loop in 
a clockwise direction, yields: 


Vee — leRe — Vee = 0 
Thus, the DC emitter current, lg, is: 


ccu 
le = e =le (Еа.4-1) 
E 


Naturally: 


lc 
B 


x 
T MCI 
hre 


By starting at the positive side of Vcc and going around the collector-base loop 
in a clockwise direction, you obtain: 


Vcc = Мсв = IcRc =0 
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VIN 





ORIGINAL CIRCUIT 





DC EQUIVALENT CIRCUIT 





AC EQUIVALENT CIRCUIT 


Figure 4-1 


Acommon base amplifier. 
A. Original circuit. 

B. DC equivalent circuit. 
C. AC equivalent circuit. 
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Thus, the DC collector-to-base voltage, Vcə, is: 
Vca = Voc IcRc (Eq. 4-2) 


Equation 4-2 is the equation of the circuit's DC load line. The vertical intercept, 
Ic(sat is Obtained by setting Vcg = 0 and solving for Ic. Similarly, the horizontal 
intercept, Усвгсіл) is found by setting Іс = 0 and solving for Vcg. Therefore: 


у 
Icea) = Em (Eq. 4-3) 


VcB(cut) = Voc (Eq. 4-4) 
In Figure 4-1B note that the terminal-to-ground voltages are: 
Ve = Мсс- IcRc (Eq. 4-5) 
Vg =0 


Ve = —\/вє 


AC Analysis 


By reducing the DC sources to zero, and replacing the capacitors with short 
circuits, you obtain the AC equivalent circuit shown in Figure 4-1C. Since the 
transistor can be replaced with its AC model, the AC equivalent circuit can be 
redrawn as shown in Figure 4-2B. Here, by following the indicated path, you 
obtain: 


Vin — “РЕ, — ¿efe = 0 
Solving for the AC emitter current, ге, yields: 


VIN 


-- is  (Eq46 
Re, + fe’ < (Eq ) 


bo 
Naturally: 


“|б 


ЖЕ с 

% E 

In Figure 4-2B, note that the direction of ¿c is such that when ум is negative, 
vo is also negative. Consequently, in a common-base amplifier the input and 
output voltages are in phase with each other. 
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i 
8 


AC BJT MODEL 


Figure 4-2 
AC equivalent circuit for the amplifier in Figure 4-1A. 


A. ACBJT model. 
B. Replacing the BJT in Figure 4-1C with its AC model. 


4 
1 





. Since vo = vc we have: 


eese 1 


vo = J п = e. ШЕ f 
о єп. Re, T "t L 
Solving for the ratio of vo to vin yields: 
V rL 
Ay = — = (Eq. 4-7) 


Where: 


п = RAR. 
Since the output current is ёс and the input current is ¿e the current gain, Ai, 
is: 
A=— =a=hp~1 (Eq.4-8) 
be 


Also since the power gain is the product of the current and voltage gains: 


(Eq. 4-9) 
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RIN (Emitter) 


RIN Re, 1 (Re + RIN(Emitter)) 


Figure 4-3 


Input resistance in a common base circuit. 


As indicated in Figure 4-3, the amplifier's input resistance, Ң is: 
Ам = ReJlRe, + RiN(EMITTEP) 


Since the AC resistance from the emitter to ground is r,’, the input resistance 
is: 


Rin = Ве (Ве, + re) (Ед. 4-10) 
Recall that the input resistance of a common-emitter amplifier is: 
Ам = Rallhie(Re, + Te’) 


Comparing Equation 4-10 with the previous expression for a common-emitter 
amplifier indicates that the input resistance of a common-base amplifier is consid- 
erably smaller than the input resistance of a comparable common-emitter 
amplifier. This small input resistance is the principle disadvantage of a common- 
base amplifier. 


A summary of the various AC formulas for the common-base amplifier is provided 
in Table 4-1. Note that the formulas for current gain, power gain, and input resis- 
tances are different from the common-emitter formulas discussed in Unit 3. As 
with the common-emitter amplifier, the output resistance of a common-base 
amplifier is approximately equal to the value of the collector resistor, Rc. 
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x 





д ^ VIN 
AC emitter current с —— 
Re, + Te’ 


AC colector curent 


AC base current % L 
Ne 
Voltage gain буле 
geg V Re, + te’ 


ECT dere CS 


Comments 











aac = he = 







ў 26тУ 7 52mV А , 37mV 
Typically, AD <г < I . For purposes of calculation use г„' = m 
E E 


Ам is small compared to a common-emitter circuit. 








vo and vn are in phase with each other. 


TABLE 4-1 


Common-base AC formula summary guide. 
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-12У 20V 





RE, 
5.45kQ 


= = vo 
50uF 50uF 
0.1V PEAK R 
L 
f= 10k Hz 20kQ 
Figure 4-4 
Circuit for Example 4-1. 

Example 4-1 


Calculate the voltage gain and input resistance for the circuit 
shown in Figure 4-4. Also sketch the voltage from point A 


to ground. 
Vee — Vee 12V — 0.7V 11.3V 
lg = -------- = — = —— = 2mA 
Re 5.45КО + 2000 5.65k0 
‚_ 37ту 37mV 18.50 
[, = —— = —nFV = " 
5 le 2mA 
Г 5кО|20КО 4k(Q 
Apc mS 40 ез 


Ве, + г 2000 + 18.50 218.50 


Pin = Ве (Не, + re") 
Rin = 5.45к01(2000 + 18.50) 
R = 2100 
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Since Vee is negative with respect to ground, the DC voltage from point A to 
ground will also be negative. This is why the input coupling capacitor has its 
negative side connected to point A. The magnitude of the DC voltage from point 
Ato ground is: 


Va = Vee = leRg, 
Va = 12V — 2mA(5.45kQ) = 1.1V 


Since the input coupling capacitor approximates a short circuit, the AC voltage 
from point A to ground equals ум, or 0.1V peak in this example. 


The total voltage is the sum of the DC, and AC components. Therefore, the 
voltage from point A to ground appears as shown in Figure 4-5. 


VA (t) 








Figure 4-5 


A sketch of va(t) for Example 4-1. 


Common-Base AC Load Line 


An examination of the DC and AC equivalent circuits in Figure 4-1 indicates 
the following: 


1. The DC resistance between the collector and base equals Rc. 


2. Тһе AC resistance between the collector and base equals r,. 


4-13 
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AC LOAD LINE SLOPE = — + 
a L 


DC LOAD LINE 


Vcg 





Усво ыз 
VcpBq*Icq rL 
Figure 4-6 
Common base load lines. 
A. DC load line. 
B. ACload line. 


Based on these observations, it is apparent that the DC load line has a slope 
of —1/Rc, and the AC load line a slope of —1/г,. A sketch of the DC and AC 
load lines for the collector-base circuit is provided in Figure 4-6. Since both the 
slope and the coordinates of a point on the AC load line are known, you can 
apply the point slope formula to determine the equation of the AC load line. 
Thus, by applying the general equation у-у: = т(х x4) to Figure 4-6В you 
obtain: 


= 
love lea = (Vcs – Vesa) (Еа. 4-11) 
E 
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Equation 4-11 is the equation of the AC load line іп а common-base circuit. 
The intercept values are obtained in the usual manner. In this case: 


у 
ісеш) = Ica + T (Eq. 4-12) 
L 
vegut) = Vesa + Іса. (Ед. 4-13) 
Similarly, the clipping levels are approximated бу: 


V* = IcorL (Eq. 4-14) 


V- = Voss (Ед. 4-15) 


Example 4-2 


Estimate the clipping levels for the common-base amplifier of 
Example 4-1. 


Recall that lcg = 2mA, andr, = 4k. In Figure 4-4, Vc = Усво. Thus: 
Vesa = Vcc — lcoRc 
Усво = 20V - 2тА(5КО) = 10V 
Therefore: 
V+ = |соп = 2mA(4kQ) = 8V реак 
V- = Vesa = 10V peak 


Since the clipping levels are not equal, the Q point is not located in the center 
of the AC load line. 


By examining the AC load line in Figure 4-6B, it is clear that in a common-base 
circuit, a centered Q point results if: 


у 
Ico = me (Eq. 4-16) 
L 


4-15 


4-1 6 | UNIT FOUR 


The common-base amplifier of Figure 4-1A is reproduced in Figure 4-7A. By 
redrawing the circuit, you obtain the circuit shown in Figure 4-7B. Here, you 
should recognize the biasing scheme as the emitter-bias circuit introduced in 
Unit 2. In this case, however, Rg = 0 because the base of the transistor is 
connected directly to ground. 


The AC equivalent circuit of the amplifier in Figure 4-7B is illustrated in Figure 
4-7C. Naturally, this circuit is the same equivalent circuit as the one provided 
in Figure 4-1C. Only the manner in which the two circuits are drawnis different. 


The point to be emphasized is this: 


Some schematic diagrams draw a common-base amplifier, that uses 
emitter bias, as shown in Figure 4-7A, while others draw the circuit 
as shown in Figure 4-7B. You should recognize that each schematic 
represents the same physical circuit. 


-VEE 


Co 
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C2 


+ - 


COMMON BASE AMPLIFIER OF FIGURE 4-1A 


Voc 





-VEE 
REDRAWING THE CIRCUIT 





AC EQUIVALENT CIRCUIT 


Figure 4-7 


The common base amplifier in Figure 4-1A can be redrawn as 
shown above. When this is done it is obvious that the circuit utilizes 
emitter bias. 

A. Common base amplifier of Figure 4-1A. 
B. Redrawing the circuit. 
C. AC equivalent circuit. 
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Single-Supply Common-Base Amplifiers 


Schematics for single-supply, common-base, voltage amplifiers are provided in 
Figure 4-8. By mentally reducing the AC sources to zero, and opening the 
capacitors, you should see that the biasing schemes are the same biasing 
schemes used by the common-emitter amplifiers discussed in Unit 3. Hence, 
the DC analysis of the common-base amplifiers in Figure 4-8 is the same as 
the DC analysis of the common-emitter amplifiers discussed in Unit 3. 


To obtain the AC equivalent circuits, you reduce the DC sources to zero, and 
replace the capacitors by short circuits. In the case of the voltage divider and 
emitter feedback amplifiers, in Figure 4-8, the resulting AC equivalent circuit is 
the same as the AC equivalent circuit of the common-base, emitter-bias amplifier 
in Figure 4-7C. Therefore, the AC analysis of these circuits is the same as the 
AC analysis of the common-base, emitter-bias circuit discussed previously! 


The AC analysis of the common-base, collector and emitter feedback amplifier 
in Figure 4-8C differs only slightly from the other single-supply, common-base 
circuits. To see why, let's examine the AC equivalent circuit of the common-base 
collector and emitter feedback amplifier. 
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Vcc 







C 


VOLTAGE DIVIDER 






2 
- Es 
RL 
IN 
Figure 4-8 


Vcc 
Typical single supply common base amplifiers. 
A. Voltage divider. 
B. Emitter feedback. 
C. Collector and emitter feedback. 


RB Rc C2 


+ = 
У0 
Кр 
IN 


ep. 
о 
У0 


EMITTER FEEDBACK 


Vcc 





COLLECTOR AND EMITTER FEEDBACK 
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"o 





ORIGINAL CIRCUIT 


Figure 4-9 


Developing the AC equivalent circuit for a common base amplifier 
utilizing collector and emitter feedback. 
A. Original circuit. 
B. AC equivalent circuit. 
C. Simplified AC equivalent circuit. 





AC EQUIVALENT CIRCUIT 


"0 





ri rp |І Rg = (А WR) IH Ra 


SIMPLIFIED AC EQUIVALENT CIRCUIT 


The original circuit is reproduced in Figure 4-9A. Once the DC source is reduced 
to zero, and the capacitors are replaced by short circuits, you obtain the circuit 
shown in Figure 4-9B. Here, note that Rc, Ві, and Вв are connected in parallel. 
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Figure 4-10 


Circuit for Example 4-3. 


+ 
100uF ^ 





For this reason, the circuit in Figure 4-9B reduces to the AC equivalent circuit 
of Figure 4-9C. The effective AC load resistance, гі”, equals the parallel combina- 
tion of п and Rg. Thus, when you analyze a common-base, collector and emitter 
feedback amplifier, г, should be replaced by r, '. 


Incidentally, in most circuits Rg--r,. For this reason, the parallel combination 
of r. and Вв, п’, is approximately equal to the value of r, . 


Example 4-3 


Calculate the voltage gain and input resistance for the amplifier 
in Figure 4-10. Also, estimate the positive and negative clip- 
ping levels. For calculation purposes, assume hrg = 100. 


In a collector and emitter feedback circuit: 


_ Mec - Мве 


lc = 





Ав 
Fas goo 
hæ 


Thus: 


15V — 0.7V 14.3V 


BT 407kQ ^ 143kQ 
6.86kQ + 3.37k0 + — 





V 
RTA еда ыла т 
Ica 1mA 


fe 


п = РА; = 6.86k0|10k0 = 4.07к0 
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Since collector and emitter feedback is used, the effective AC load resistance, 
ru, is: 


п’ = Въ, = 407k0|4.07k0 = 4.03к0 
Note that since Rg >> п, п’ = r. 


А J офа а. 
Y Retre — 3700-370. ^7 


For a common-base amplifier, Rin = Ве (Ве, + re’). Thus: 
Rin = 3К0](3700 + 370) = 358.40 
The clipping levels are estimated as follows: 
V+ = |сол' = 1mA(4.03k0) = 4.03V 
V- = Усва = Vea - Vea 
In this case: 
Уса = Vec - !соВс = 15V - 1mA(6.86k0) = 8.14V 
Vea = Уве + Veo = 0.7V + 1mA(3.37k0) = 4.07V 
Thus: 
V- = 8.14V — 4.07V = 4.07V 
Since V* = V^, it is clear that the Q point is located near the center of the 
AC load line. Incidentally, if you assume г’ = г, = 4.07КО, the calculated values 


for the clipping levels are + 4.07V. As you can see, the error introduced by making 
this assumption is quite small. 


Designing Common-Base Voltage Amplifiers 


With relatively minor changes, the procedure used in Unit 3 to design common- 
emitter amplifiers can also be used to design common-base amplifiers. The follow- 
ing design guide for common-base amplifiers is very similar to the one provided 
in Unit 3 for common-emitter amplifiers. 


In the case of the collector and emitter feedback amplifier, it is assumed that 
Rs is sufficiently large so that п’ is closely approximated by the value of rų. 
As before, high gain amplifiers are designed by setting Re, = 0 in the appropriate 
formulas. 
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COMMON-BASE VOLTAGE AMPLIFIER DESIGN GUIDE 
EMITTER FEEDBACK 


Vcc 


Select Ico. 
Calculate re’. 
Ica 
Select Re. Re, = 5 to 10 times re’ 


Calculate r, . r. = Av(Re, + ге’) 


Rit. 
Calculate Re. Вс = < = а 
[E — ПЕ 


Calculate Voga. Усва = Іса. 
Calculate Veg. Уға = Vcc - [lcoRc + Vesa + Veel 


Calculate Re. 


Calculate Re . Re, = Re - Re, 
Vec = Wae + Vedl 


Calculate Rp. Вв = loc 


3.18 3.18 

ARN C ҺА, 
3.18 
Ам’ 


Select capacitors. Сі> 


C32 Rin’ = Rallhte(Re, + ге) 





4-24 | UNIT FOUR 


COLLECTOR AND EMITTER FEEDBACK 


усс 


Select Ico. 


Calculate r,’. 


Select Не. Re, = 5 to 10 times г.’ 


Calculate гі. һ = Av(Re, + re’) 
Rir. 


Calculate Rc. Rc = R z 
L “uh 


Calculate Мово. Мова = Ісай. 
Calculate Veo. Veo = Vcc — [IcoRc + Усва + Vee] 


Calculate Re. 


9. Calculate Re. 
10. Calculate Rg. 


11. Select capacitors. 
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VOLTAGE DIVIDER 


Vcc 


Select Ico. 
37mV 


Calculate r,’. 
Ica 


Calculate Re. . Re, = 5 to 10 times ге’ 


Calculate r, . п = Av(Re, + re") 
Ru. 


Calculate Rc. Rc = ET 
[Eg TES 


Calculate “сво. Vesa = сол 
Calculate Veo. Vea = Мес - ПсаНс + Мово + Vee] 


Calculate Re. 


Calculate Не. 
Select Ro. 


Ra(Vcc — Vao) 
Ува 


Calculate R4. А; = 


Select capacitors. 


3.18 


f Rin’ 


Сз> Rin’ = PillRalte(Re, + ге!) 
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Example 4-4 


Design a common-base, single-supply voltage amplifier accord- 
ing to the following specifications: 


Ay = 12. The voltage gain should not vary significantly with 
variations in hrg and/or re’. 


Voc = 15V 
f, = 100Hz 
Ico = 1.5mA 
R. = 12к0 


Assume the general purpose BJT used for the design has an 
Век = h. = 150. 


Since a stable gain is required, an appropriate biasing scheme is the voltage 
divider circuit. Referring to the design guide, you can proceed as follows: 


1. Іса = 1.5тА 


2 Ve 37mV 37ту 72470 
EE со 1.5mA | 


З. Re, = 10r,' = 10(24.70) = 2470 


4. n =Ad(Re, + re) = 12(2470 + 24.70) = 3.26kQ 


R.r. 12k0(3.26k0) 
5. Reo ek og 
C R r. 12k — 3.26к0 “oo 


6.  Vcea = Ісол = 1.5mA(3.26k0) = 4.89V 


7. Мс = Vec - ПсоВс + Мова + Vez] 
= 15V — [1.5mA(4.48kQ) + 4.89V + 0.7V] 
= 15V — 12.31V 
= 2.69V 
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Vi 2.69V 
B. Br Rm лс 


9. Re, = Ве - Re, = 1.79КО - 2470 = 1.54kQ 


10. Re < 10Re. Since Re = 1.79КО, a reasonable choice for Ro is 
3.ЗКО. 


R2(Vcc — Vea) 
Vea 


ile R. ES 


Since Veo = 2.69V, Vga = 2.69V + 0.7V = 3.39V. Thus: 


п, 33К0(15У- 3390) 00,0 
um 3.39V mee 


12. First calculate the equivalent resistance seen by C4, Rin, and Сз, 
Ам. 


Fin = Ве (Ве, + ге’) 
Rin = 1.54k0/(2470 + 24.70) 
Rin = 1.54k0|271.70 = 2300 


Rin’ = RillRallMe(Re, + Fe’) 
Rin’ = 11.3kOJ3.3k0]150(271.70) 
Rin’ = 2.55КО(40.8КО = 2.4kQ 


Next, calculate the minimum capacitor values. 


3.18 
c = SU aade T 
fRw 100(2300) 


: 3.18 
Co = 318 = — =E 2.65рЕ 
ЕС 100(12k0) 
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Self-Test Review 


Refer to Figure 4-11 for questions 1 through 10. 


24N 






КЕ, = 10ге” 
fj = 200Hz 
hfg = 100 
R 
B C? һ = 90 
У0 Icq = 2mA 
сз + 10 6kQ 
Om 


Figure 4-11 


Circuit for Self-Test Review questions 1-10. 


Assume the circuit is designed to provide a voltage gain of 15. 
1. Re, should equal approximately 7 N. 

2: Rc should equal approximately КО. 

3. Re, should equal approximately КО. 

4. Ав should equal approximately КО. 


5. С: should have а DC voltage ratinglargerthan_ V. 
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6. С. should exceed approximately . — pF. 
7. | Cashould exceed approximately ұғ 
8. Сз should exceed approximately ——— — pF. 


9. If Re, was shorted, the voltage gain would increase to approximately 


10. If Re, was shorted, the input resistance seen by the signal source would 
be approximately _ .— . Q. 


Answers 


1850 


6.2k() 


2.215КО 


925КО 


4.43V 





The solution to questions 1 through 10 follow. 
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Generally speaking, the following calculations follow the procedure outlined in 


the common-base design guide for the emitter feedback circuit. 


d: 


Since lca = 2mA andr,’ = 18.50: 
Re, = 10r,' = 10(18.50) = 1850 


To determine the value of Re, first calculate the value required 
for ru: 


rL = Av(Re, + fe’) = 15 (1859 + 18.50) = 3.05КО 
Then: 


_ Rire _ 6КО(305КО) 
Бі-п  6k0 - 3.05К0 





= 6.2к0 


Before Re, can be calculated, you need to determine values for 
Усво, Vea, and Re. Thus: 


Усво = IcorL = 2тА(3.05К0) = 6.1V 

Vea = Мес - [lcoRc + Усва + Vee] 

Vea = 24V — |2тА(6.2К0) + 6.1V + 0.7V] 
Vea = 24V - 19.2V = 4.8V 


Уға 48У _ 


Re = — = — -24К0 
E" а  2mÀ 

Now: 

Re, = Re - Re 


Re, = 2.4k0 — 1850 = 2.2150 
Since Ico = 2тА and hee = 100, Іво = 2mA/100 or 204A. Thus: 


Vcc — [Vae + Veal 


Вв = 
lao 


4V — [0.7V + 4.8V 
Вв = siii Ages cs = 925kQ0 
20u A 


С, charges to the DC voltage across Re,. Thus the DC voltage 
rating of C2 should exceed IcoRe,. In this case: 


IcaRe, = 2mA(2.215kQ) = 4.43V 
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6. Tocalculate the minimum size required for C4, you must first calcu- 
late Riv. In this case: 


Rin = Ве (Не, + re") 
Rin = 2.215КО[(1850 + 18.50) 
Riy = 2.215k0j203.50. = 186.40 


Now: 
3.18 3.18 
„= — = ————ə—. = 85.3 F 
fRw 200(186.40) 
3.18 3.18 
7. Co= — = ——T =2.65pF 


8. Todetermine the value of Cs, first calculate Ryn’. 


Rin’ = Ralhre(Re, + re’) 
Rin’ = 925kO|90(185 + 18.50) 
Rin’ = 925КО(18.315КО = 17.6kN 





Now: 
3.18 3.18 
= = — ы ОЦЕ 
Оз- (RW ^ 200(176КП) à 
rL 
9. Ay- ERSTER If Re, — Othen: 
Re, + Ге 
Ap. tt 30500 uo 
V Ww 1850 


10. The input resistance seen by the single source in a common base 
amplifier is: 


Rin = Rel(Re, + ге’) 
If Re, = 0, Ry = Ве |е”, then: 
Rin = 2.215k0/18.50 = 18.50 


This is a very small input resistance, and would excessively load 
most signal sources. For this reason, a common-emitter amplifier 
is usually preferred for high gain, single-stage amplifiers. 
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COMMON-COLLECTOR AMPLIFIERS 


In acommon-collector amplifier, the AC input signal is applied to the base terminal 
and the AC output signal is taken from the emitter terminal. With such an arrange- 
ment, you will find that the output voltage closely "follows" the input voltage. 
For this reason, a common-collector amplifier is referred to as an emitter- 
follower. 


An emitter-follower circuit has characteristics that are quite different from those 
of the common-emitter and common-base circuits discussed previously. As you 
will see, a typical emitter-follower has a large value of Rin, a small value of 
Ro, and a voltage gain close to unity. These characteristics make the emitter- 
follower useful for impedance matching and buffering applications. 


Emitter-Follower Circuits 

You can convert a common-emitter amplifier to an emitter-follower as follows: 
1. SetRc = 0. 
2. Remove the emitter bypass capacitor. 


3. Take the output voltage from the emitter terminal rather than from 
the collector terminal. 


By following these steps, you can easily obtain the circuits illustrated in Figure 
4-12 from their common-emitter counterparts. These circuits represent the most 
frequently encountered emitter-follower amplifiers. 
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Vcc 
A Rg 
Cy 
= oii с› 
+ JL-— vs 
VIN Re RL 
EMITTER FEEDBACK 
Усс 
Figure 4-12 


Typical emitter-follower circuits. 
A. Emitter feedback. 
R] B. Voltage divider. 
C. Emitter bias. 
СІ 


C? 
+ jl- T 
R 
VIN Pe RE L 


VOLTAGE DIVIDER 


Vcc 


СІ 
C2 
_ c vo 
RL 
VIN Кв RE 


EMITTER BIAS 
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DC Analysis 


The DC equivalent circuits for the emitter-followers in Figure 4-12 are obtained 
by reducing the AC sources to zero, and opening the coupling capacitors. The 
resulting DC equivalent circuits are illustrated in Figure 4-13. 


Note that except for the fact that Rc = 0, the DC equivalent circuits in Figure 
4-13 are identical to the emitter feedback, voltage divider, and emitter bias circuits 
discussed in Unit 2. 


By setting Rc = О in the formulas for the emitter feedback, voltage divider, and 
emitter bias circuits, you obtain the formulas necessary to calculate the DC cur- 
rents and voltages in the emitter-follower circuits of Figure 4-12. 


Vcc 
Vcc 
Vcc 
R 
RB ! 
Rg RE 
RE R2 RE 
= = " -VEE 
EMITTER FEEDBACK VOLTAGE DIVIDER EMITTER BIAS 
Figure 4-13 


DC equivalent circuits for the emitter followers in Figure 4-12. 
A. Emitter feedback. 
B. Voltage divider. 
C. Emitter bias. 
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20V 
Кв 
46.5 kQ 
ЗЗрЕ 
=i 100uF 
+i- vo 
> RE RL 
IN 500Q 500Q 
Figure 4-14 


Circuit for Example 4-5. 


Example 4-5 


Calculate the values of Ico and Vcsq for the circuit shown іп 
Figure 4-14. Also, calculate the DC saturation current, and DC 
cutoff voltage. Assume the BJT in Figure 4-14 has an hrg of 
100. 


Referring to the formulas for the emitter feedback circuit in the Biasing Summary 
Guide in Unit 2, you can proceed as follows: 


La Мос = Yer pA 20mA = Ico 
B É 
B. + 2. gp i 
zi e 100 


Vcg = Vcc - !с(Вс + Re) 
Vcg = 20V — 20mA(0 + 5000) 
Усе = 10V = Vczo 


Veo 20V 
| = ———— = — = 40mA 
wu a. ыра тену е угу 


VcE(cut = Vcc = 20V 
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AC Analysis 


The AC equivalent circuits for the emitter-follower in Figure 4-12 are obtained 
by reducing the DC sources to zero, and shorting the coupling capacitors. In 
each case, the resulting AC equivalent circuit appears as shown in Figure 4-15A. 
Naturally, in the case of the voltage divider circuit Rg equals the parallel combina- 
tion of R, and Ro. 





AC EQUIVALENT CIRCUIT 





REPLACING THE BJT WITH ITS AC MODEL 


Figure 4-15 


Emitter-follower AC equivalent circuits. 
A. AC equivalent circuit. 
B. Replacing the BJT with its AC model. 
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By replacing the BJT in Figure 4-15A with its AC model, you obtain the circuit 
shown in Figure 4-15B. Here, taking the indicated path, you can write the following 
loop equation: 


—vin + tla. + lel L =0 
Where: 
п = Вајт. 


Solving for the AC emitter current, ге, yields: 








le = --іс (Ед. 4-17) 
rL + le 
As before: 
кс с 
рЫ ТЕ 


In Figure 4-15B, note the direction of ¿, is such that when ум is positive, vo 
is also positive. Consequently, in an emitter-follower, the input and output voltages 
are in phase with each other. 


Since vo = éef we have: 








= dmg 
О = еп n+ fe’ L 
Solving for the ratio of vo to viN yields: 
ri 
E, NEAL (Eq. 4-18) 


VIN rL + re 


Note that if r.>>r,’, Av = 1. Equation 4-18 indicates that the voltage gain of 
an emitter-follower can be close to 1, but it cannot exceed 1. 
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Since the output current is (г, and the input current is í the current gain, А,, 
is: 


Because the power gain is the product of the current gain and voltage gain: 


hier L 


NA m 
fS mun IL rel 





(Eq. 4-19) 


The AC input resistance looking into the base equals the ratio of ум to гь. Thus: 





VIN VIN ум 
RINGASE) т ш LE 
by іс іс 
Ме 
: В VIN 
Since ic = we have: 
rL + re' 


Rinæase) = еї. + re) (Ед. 4-20) 


From Figure 4-15, it should be clear that the input resistance seen by the signal 
source is: 


Rin = RallRinease) 


The output resistance of an emitter-follower depends on a complex relationship 
between numerous factors. Compared to common-emitter and common-base cir- 
cuits, the output resistance of an emitter follower is quite low. By using the follow- 
ing formula, you can calculate a “ballpark figure” for the output resistance of 
the emitter followers in Figure 4-12. 


RallRs 


e 





Ro = [re' + ЛА (Eq. 4-21) 


Where Rs is the output resistance of the signal source driving the emitter follower. 


A summary of the AC formulas for the emitter-follower circuits in Figure 4-12 
is provided in Table 4-2. 
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n а VIN 
AC emitter current ig = ———— 
RE Ffa 


AC colector current 


AC base current б = С 
hre 
Volt i A Е 
oltage gain = — 
geg М fL + fe’ 
i= 













! href L 
Power gain Ap = - 
fL + fe 


Input resistance (base) Rinc@ase) = htre(rL + fe’) 


Input resistance (total) Rin = Rallhte(fL + fe’) 


RallR 
Ro = Ite’ + Tels үң, 









Output resistance 


Comments 
Rin is large, Ro small, and Ay = 1. 
Applications include buffers and impedance matching. 


vo and v are in phase with each other. 


TABLE 4-2 


Emitter-follower AC formula summary guide 


Emitter-Follower AC Load Line 


In the DC equivalent circuits of Figure 4-13, the resistance between the collector 


and emitter terminals equals Re. Therefore, the DC load lines have a slope equal 
to — 1/Re. 
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AC LOAD LINE SLOPE= - i 
L 


DC LOAD LINE SLOPE = — тр 


VCE 


52 Уса + Ico "L 





УсЕО 


Рїдиге 4-16 


Emitter-follower load lines. 


Similarly, in the AC equivalent circuit of Figure 4-15A the resistance between 
the collector and emitter terminals equals г. For this reason, the AC load line 


has a slope of — 1/r,, as shown in Figure 4-16. 


By applying the general equation y — y4 = m(x— xi) to Figure 4-16, you obtain: 


-1 
Ic = Ica = mz (Усе - Vceq) (Eq. 4-22) 
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The intercept values and clipping levels are obtained as before. In this case: 





Vcea 
éc(sat) = lca + (Eq. 4-23) 
rL 
VCE(cut) = Уса + Icor. (Eq. 4-24) 
V+ = Ісай. (Еа. 4-25) 
V = Vcea (Eq. 4-26) 


Buffers and Impedance Matching 


By carefully selecting component values, the voltage gain of an emitter follower 
will be almost unity. In addition, the output voltage will be in phase with the 
input voltage. Hence, the output voltage, in a well designed emitter follower, is 
almost identical to the input voltage. 


The principle use of an emitter follower is as an impedance matching device. 
The following example serves to illustrate this concept. 
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6000 A 


@ lV PEAK 


B 
SIGNAL SOURCE 


Rs 

6000 А 
: 1V PEAK RL-5000 
B 
SIGNAL SOURCE DRIVING А 5000 LOAD 
Figure 4-17 
20V 
Circuits for Example 4-6. 







A. Signal source. 

B. Signal source driving a 5000 load. 

C. Driving the 5000 load via an emitter-follower. 

RB 


v0 


1V PEAK 


DRIVING THE 5000 LOAD VIA AN EMITTER-FOLLOWER 


Example 4-6 


Figure 4-17A depicts a signal source whose output resistance, 
Rs, is 6000. Calculate the voltage developed across а 5000 
load assuming: 


(а) The signal source is connected directly to the 
5002 load as shown in Figure 4-17B. 
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(b) Тһе signal source is connected to the 5002 load 
through the emitter-follower circuit as shown 
in Figure 4-17C. 


(a) Using voltage division, the output voltage is: 


1V(5000) 


goon + soon ~ °*°AV peak 


Vo = VAB = 


In this case, only 45.4% of the signal voltage is developed across 
the 5000 load. The remaining 54.6% is dropped across the 6000 
output resistance of the signal source. Since R, is not large com- 
pared to Rs there is excessive loading of the signal source. 


(b) The emitter follower in Figure 4-17C was partially analyzed in Ex- 
ample 4-5. Recall that: 


Іса = 20mA 
VcEo = 10V 


Since the emitter follower is between the signal source and load, 
the effective load resistance seen by the signal source is the input 
resistance of the emitter follower. This concept is illustrated in Fig- 
ure 4-18. 


Since Ico = 20mA: 


Ray = 16. 34kQ 
1V PEAK IN 


B 


Figure 4-18 


The effective load resistance seen by the signal source in Figure 
4-17C equals the input resistance, Rix, of the emitter-follower. Here, 
Rin = ВвМө(п + re"). 
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Also, since Rg = 46.5КО, һ = 100 and г, = 2500, the value 
of Rin is: 


Rin = Rallhie(ru + re’) 

Rin = 46.5К0)|100(2500 + 1.850) 
Rin = 46.5kOJ[25.185Kk() 

Rin = 16.34kQ 


Clearly, since RiN>>Rs there will be very little loading of the signal 
source. The portion of the 1V peak signal that is applied to the 
input terminals of the emitter follower is, by voltage division: 


F гамета) mii Te agonian 
v = o -— — K = Р. 
N ^ 6000 + 16.34kQ pea 


vin’ is the voltage "amplified" by the emitter follower. To predict 
the load voltage, you must calculate the voltage gain of the emitter 
follower. Here: 


PE M 2500 uh 
Y nr — 250041850 ` 


Since vo = Avvin, the voltage developed across the 5000 load 
is: 


vo = Awm = 0.993(0.964V) = 0.957V peak 


In this example, the emitter follower functioned as an impedance matching device. 
Specifically, as far as the signal source was concerned, the emitter follower step- 
ped up the relatively low, 5000, load resistance to approximately 16.34КО. Since 
the voltage gain of the emitter follower is almost 1, nearly all the source voltage 
was developed across the 5000 load. 


The action just described is similar to that of an impedance matching transformer. 
By using an emitter follower, you avoid the cost and bulk associated with a trans- 
former. In addition, the frequency response of an emitter follower is generally 
superior to that of a comparable transformer. 


Example 4-7 


Sketch the Thevenin equivalent circuit, as viewed from the 
5000 load in Figure 4-17C. The equivalent circuit represents 
the "equivalent signal source" that drives the 5002 load resis- 
tor. 
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Since the emitter follower in Figure 4-17C has a voltage gain close to 1, and 
a large value of Rin compared to Rs, the Thevenin output voltage is approximately 
equal to vn, or 1V peak in this example. 


The output resistance of the emitter-follower is the Thevenin resistance of the 
“equivalent signal source" driving the 5002 load. Thus: 





RgllR 
йылын Ше 
hre 
46.5kO0J 6000 
Ro = [1.850 + OD 1Б000 


Ro = 7.770|5000 = 7.650 


The equivalent signal source seen by the 5000 load applies as shown in Figure 
4-19. 


Rgs7.65Q д 


= 500 
Ж 1V PEAK epee 


Figure 4-19 


The equivalent signal source driving the 5000 load in Figure 4-17С 


Incidentally, a circuit used to isolate a low impedance load from a high impedance 
signal source is often referred to as a buffer. For this reason, emitter followers 
are also called buffers. 
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Darlington Pairs 


Two transistors can be connected to form what is referred to as a Darlington 
Pair, as shown in Figure 4-20A. In this arrangement, note that the emitter current 
of the first transistor is the base current of the second transistor. 


Darlington pairs can be formed with two discrete transistors as shown in Figure 
4-20A. In addition, single-unit Darlington packages are available from most man- 
ufacturers. In any event, a given Darlington pair can be modeled as a single 
equivalent transistor, as shown in Figure 4-20B. 


Starting with Figure 4-20A, the equivalent transistor model can be developed 
as follows. 


EQUIVALENT B 


1. Assuming the AC base current of the first transistor is “,, the collec- 
tor current is Bip, 


2. Since íe = іс, i, is essentially equal to Byép . 


3. The base current of the second transistor is the emitter current 
of the first transistor. Thus, (с, = Вг, = Ba(Biip,) = В.В. 


Ideally, the effective B of the Darlington pair, Вор is: 


Врр = В,В, = рр) (Еа. 4-26) 
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CONNECTING TWO BJT'S IN A DARLINGTON PAIR 








DARLINGTON PACKAGE AND APPROXIMATE EQUIVALENT 


Figure 4-20 


The Darlington pair configuration. 
A. Connecting two BJT's in a Darlington pair. 
B. Darlington package and Approximate equivalent. 
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EQUIVALENT r,’ 


In Figure 4-21A, the input resistance looking into the base of the second transistor 
is: 


Rinease 2) = Bare; 


This input resistance is the effective emitter resistance of the first transistor, as 
shown in Figure 4-21. Consequently, the input resistance looking into the base 
of the first transistor is: 


Rinpase 1) = Bi[re; + Ве] 
Rinease 1) = Bi[re; + Bare] 


Factoring Вг out of the expression in brackets yields: 
Rin@ase 1) = B.B. [= + ге] 
2 


Since B,B>= Bp, the expression in the brackets represents the equivalent го” 
of the Darlington pair. Thus: 


er ie 
Гер, - Us, +re;] = Une, + гел (Еа. 4-27) 


Equation 4-27 is useful for estimating the equivalent ге! of a Darlington pair that 
uses two discrete BJT's. This expression can be further simplified. Look at the 
following. 


37mV 37mV 
Clearly, ге! = andre, = ——. 
| le, le, 





In a Darlington pair, le, is Ів,. Therefore: 


lg, = Hee, |e, = һғе,е, 


Solving for І, gives us: 


Now: 
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aaa 


Bo 


О 
= 7 
RIN (Base2) = B2 Te > 
INPUT RESISTANCE LOOKING INTO BASE 2 


Figure 4-21 


Darlington input resistances. 


А. Input resistance looking into base 2. 
B. Input resistance looking into base 1. 


RE) = RIN (Base 2) 


Күм (Base 1)= Ві RIN (Base 2) 


INPUT RESISTANCE LOOKING INTO BASE 


Substituting hrg re; for re; into Equation 4-27 yields: 


Nee Te, 





+ fe (Eq. 4-28) 


' = 
Сы 


Assuming the DC beta, hfe, is essentially equal to the AC beta, hre, the previous 
relationship reduces to: 


a= — — (Eq. 4-29) 


Mid моле wr 00000000002 


Manufacturers rarely provide values of hfe and he for each transistor іп а single- 
unit Darlington-pair package. For this reason, Equation 4-29 is especially useful 
for estimating the values of ге, ÎN single-unit Darlington-pair packages. 


In Figure 4-20B, note that le in the single-transistor equivalent circuit equals the 
value of Ig, in the original Darlington package. For this reason, the value of Ге), 
in a single-unit package, is: 


V 
Ге’ = (single unit package) 





EQUIVALENT Vee 


Since a Darlington pair uses two transistors, connected as shown in Figure 4-20A, 
it is obvious that the effective Vge is: 


Vee,, = Vee, + Vae, = 1.4V (silicon BJT's) (Ед. 4-30) 


Darlington Pair Emitter Follower 


The analysis of Darlington pair emitter followers is similar to the analysis of the 
single-transistor emitter followers discussed previously. An additional factor that 
must be considered, however, is the AC resistance, гс”, of the reverse biased 
collector-base diode. 


Figure 4-22A illustrates the AC equivalent circuit of an emitter follower, when 
ге” is included in the BUT model. From the discussion of АС BUT models in Unit 
3, you know that гс’ typically has a value in excess of 1M. 


By redrawing the circuit in Figure 4-22A, you obtain the circuit shown in Figure 
4-22B. Here, it is apparent that гс’ is in parallel with Нв, and the input resistance 
looking into the base, hre(re' + г). Thus, the input resistance of the circuit is: 


Ам = Rsllhie(re + ric’ (Ед. 4-31) 


In a single-transistor emitter follower, the hre(re' + rL) product is small compared 
to the value of rc'. In this case, Equation 4-31 is closely approximated by: 


Ам = Ralhie(re" + п) 
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Tc 


® 


Ев 





ГД 
hfe (retry) 


EMITTER-FOLLOWER AC EQUIVALENT CIRCUIT THAT INCLUDES be 


4 


4 4 
RIN = Rp |nretre+rullre 
REDRAWING THE CIRCUIT 


Figure 4-22 


Emitter-follower AC equivalent circuits that illustrate the effect ге” 
has on the circuits input resistance. 
A. Emitter-follower AC equivalent circuit that includes го”. 
B. Redrawing the circuit. 


This is the reason why rc' is usually neglected in single-transistor emitter follow- 
ers. 


In Darlington pair emitter followers, rc' cannot be neglected. The following exam- 
ple illustrates how to analyze a Darlington pair emitter follower. 
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Rg = 10kQ 
vo 
"IN 
RL 
1kQ 
Figure 4-23 
Circuit for Example 4-8. 
Example 4-8 


In Figure 4-23 the signal source has an output resistance, Rs, 
of 10kQ. Obviously, if the signal source is connected directly 
to the 1k load resistor, most of the signal voltage will be 
dropped across the output resistance of the signal source. 


To avoid excessive loading, the signal source drives the 1kN 
load resistor through the Darlington pair emitter follower. Esti- 
mate the input resistance of the circuit. Assume each transistor 
has ап гс” equal to 5M. Also assume hre, = hg, and hre, 
= Ша. 


The base voltage of the first transistor, T4, is, using voltage division: 


20V(0.33M 
Мв, = кыы ШШШ = 10V 
0.33MQ + 0.33MOQ. 
Thus, the emitter voltage of T; is: 


Ve, = Мв, - Vee 
Ve, = 10V – 07У = 9.3V 


In a Darlington pair, Ve, = Vg,. Thus: 


Ve, = Ув, = Vee 
Ve, = 9.3V – 0.7V = 8.6V 
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Since Ve, = 8.6V and Re, = 8.6КО the emitter current le, is: 


Ve, 86У _ 
e Rer PH A 
V V 
Andy e ЭУ ыш ЭШМ натр 
le, 1mA 
The AC load resistance, г, is: 
п. = НЕҢ 


r. = 8.6k0|1kO = 8960 
Therefore, the input resistance looking into the base of transistor Т; is: 


Rinwase 2) = hte, (fe, + tlic; 
Rin(Base 2) = 80(370 + 8960)|5МО 
Fungase 2) = 74.64КО|5МО = 74.64k0 


Note that since hre (ге, + п)<<гс/', the parallel combination of hrs (re, + г) and 
гс essentially equals һ (re; + п). You will find that in most Darlington pair 
emitter followers, rc; can be neglected. 


Rin(Base 2) is the effective emitter resistance, Не, of the first transistor, T4. 
For this reason, the input resistance looking into the base of T; is: 


Rinease 1) = hire (re, + Re )llrc; 
Since le, = 1mA and hee, = 80, lg, equals 1mA/80 or 12.5, А. Thus: 
le, = le, = 12.5рА 


37mV 37mV 
t= = —— = 2.96к0 
E le, 12.5рА 





Therefore, ће input resistance looking into the base of Т; is: 


Rinwase 1) = te (re, + Re )ІГс, 

RiN(BAsE 1) = 100(2.96КО + 74.6АКО)|5МО 
В\м(вАзЕ 1) = 7.76М0|5МО 

Rinease 1) = 3.04МО 


Note that since hie, (re; + Не ) is not small compared to гс’, you should not neglect 
гс. 
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The input resistance of the Darlington pair circuit can now be calculated in this 


manner: 
Rin = RallRincease 1) 
Rin = 0.33M0J0.33M0|J3.04M0 
Rin = 0.165MQ||3.04M2. 
Example 4-9 


Example 4-8 illustrated how to analyze a Darlington pair emit- 
ter follower constructed from two discrete transistors. Rework 
Example 4-8 by doing the following: 


1. Convert the Darlington package in Figure 4-23 to an 
equivalent transistor. 


2. Sketch, and solve, the single-transistor equivalent 
circuit for Ry. 


1. To convert the Darlington pair in Figure 4-23 to an equivalent tran- 
sistor, you can proceed as follows: 


Bop = he, = hihi, = 100(80) = 8000 


Example 4-8 indicated that rc; is usually negligible. Hence, the 
effective value of rc. essentially equals the value of rc’. Thus: 


re = fc, = 5МО 


2. The single-transistor equivalent is illustrated in Figure 4-24. Here, 
Rin is calculated in this way: 


20У(0.33М0 
аста ДАМЫ. ou 
0.33МО + 0.33M0. 
Ve = Ve — Vee 
Ve = 10V — 1.4V = 8.6V 
Ve 86у 
lg = — = —— = 1mA 
Be 8.6k0 
m 74тУ 
E - 74 





п = АА, = 8.6k0|1k0 = 8960 
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20V 
hfe рр = 8000 
у = 14у 
0.33MQ BEDP 
Pe = 5 WO 
10рЕ C DP 
44+ 100uF 
Rs =10kQ $j vo 
p 0.33MQ 1kQ 
IN 


Figure 4-24 


Single transistor equivalent circuit for Figure 4-23. 
The input resistance looking into the base is therefore: 


Rinpase) = hie, (Ге), + Пс”, 
RIN(BASE) = 8000(740 + 8960)|5МО = з.04МО 


Now the input resistance of the circuit is: 


Rin = RellRinease) 
Rin = 0.33M0|0.33M0|3.04M0 = 156.5k0 


Comparing Example 4-8 with Example 4-9, you can see that the equiva- 


lent transistor approach requires fewer calculations. For this reason, 
the equivalent transistor approach is the preferred method. 


Design Consideration 


Generally speaking, when you design an emitter follower, you must make trade- 
Offs relative to the following factors: 


1. Obtaining a near unity voltage gain. 
2. Obtaining a large value of Ry. 
3. Obtaining a Q point near the center of the AC load line. 


4. Obtaining a stable Q point. 
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To obtain a voltage gain of approximately 1, г, must be large compared to re’. 
In most cases, this condition is easily satisfied. 


Since Rin = RallRinaseyiirc’, large values of Нв are necessary to ensure large 
values of Rin. However, if Rg is "too large" the Q point becomes B dependent 
since, in single-supply emitter-follower circuits: 


Vcc - Vee 
але 
PENES 


Therefore, most designs reflect an input resistance/stability trade-off. In those 
cases Where it is difficult to satisfy both factors, you should consider a Darlington 
package. 


Centered Q Point 


In single-supply emitter-follower circuits the DC collector-to-emitter voltage, Vceo, 
is: 


The AC load line indicates that the Q point will be centered when: 
Усға = Ісол 


Equating the two expressions, and solving for Ica yields: 


Усс 
lcg = ——— Eq. 4-32 
co gas (Eq ) 


Equation 4-32 indicates the value of Ica required to locate the О point near the 
center of the AC load line. 
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Design Procedure 


Based on Equation 4-32, you can use the following procedure to design elemen- 
tary emitter-follower, single-supply, circuits. 


1. Select Re. As a guide, Re is chosen to be 1 to 5 times larger 
than RL. 


2. Calculate п. Since Re = 1 to 5 times Ri, the value of г, will be 
between 83% and 91% of R,. By making г, as large as possible, 
you obtain the largest possible value of Ringase)- 


3. Calculate Ico. By using Equation 4-32, you can determine the value 
of Іса required to produce a Q point near the center of the АС 
load line. 


4. Calculate the values of the biasing resistors required to produce 
the value of Ico calculated in step 3. 


5. Calculate the required capacitor values. 


Once steps 1 through 5 have been implemented, you should evaluate the resulting 
circuit to make sure the voltage gain, input resistance, signal swing, etc. satisfy 
your specifications. 


Design Guide 


The following design guide uses the procedure just described for single-supply 
emitter-follower circuits. In addition, a similar procedure is provided for the emitter 
bias circuit. In this case, it is assumed that the designer has the freedom to 
specify values for the supply voltages. 


To design Darlington emitter followers, you must use, where appropriate, Fen 
Bop. and Vgse,,. Also, remember to include rc’ in your calculations for Rin. 


4-58 | UNIT FOUR 


EMITTER-FOLLOWER DESIGN GUIDE 


Select Re. 


Calculate п. 


Calculate Ico. 


Calculate Veo. 
Calculate Vcgo. 


Calculate Вв. 


Select capacitors. 





Усс 


EMITTER FEEDBACK 


Re = 1 to 5times R. 
ReRL 


Re + R. 


И = 


pee Усс 
РЕ Еа 
Re + r. 


Vea = IcaRe 
Усға = Мес - Vea 
Vcc = [Vese ag Veal 
> ee ML, 
ва 
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VOLTAGE DIVIDER 


Select Re. Re = 1 to5 times RL 
ReRL 


Calculate r, . = — _— 
Re + R. 


Усс 
Calculate log. lca = "Bes 
E L 


Calculate Vea. Vea = IcaRe 
Calculate Vcea: Vcea = Vcc = Vea 


Select Ro. R; = 10Ң- 
Re(Vcc - Veo) 


Calculate R4. R: = V 
BQ 


Select capacitors. 





4-60 | UNIT FOUR 


Select Voc. 
Select Re. 


Calculate r, . 


Calculate Ico. 


Calculate Vee. 
Select Rp. 


Select capacitors. 





-VEE 


EMITTER BIAS 


Vcc = desired clipping level. 
Re = 1to5 times R. 
RER. 


r= —— 
Re + R. > 


Vcc + ӨЛУ 


rL 


lco = 


Vee = lcaRe + 0.7V 
Re == 10Re 
3.18 
2 &Rw 
3.18 


> к= 
< "вч 
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Example 4-10 
Design an emitter follower according to the following specifica- 
tions: 
1. Үсс = 12V 3. Usea voltage divider circuit. 


2. hg = hpg = 100 4. f, = 100Hz 


The following steps correspond to the steps in the design guide for the voltage 
divider circuit. 


1. SelectRg = В, = 1000 


2. rn = ВА, = 10001000 = 500 


CE — E A 
ca CX een — 1000 * 500 


4. Veo = ІсаВе = 80mA(1002) = 8V 
5. сео = Vcc - Veo = 12V - 8V = 4V 
6. А, = 10Re = 1k 


-V 
7 R = o. 


Since Vea = 8V, Vea = 8V + 0.7V or8.7V 


1kQ(12V — 8.7V 
В; = а AN 3790 
8.7V 


ABD | жездем seer een 


8. To calculate C4, you must first calculate R. Since Ica = 80mA 





= le we have: 
ies 37mV m” 37mV = 0.4630 
с le 80mA ` 


RiN(BASE) = hie(rc' + r.) 
Rincease) = 100(0.4630 + 500) = 5046.30 = 5.05k0 


Rs = R4IR2 = 3790]|1к0 = 2750 
Rin = RallRinease) 


Rin = 27560]5.05kQ 
Rin = 2610 


Thus, the minimum capacitor values are: 


3.18 3.18 

Сі- ғ--- а — = ТОВЫ 
Вч 100(2610) 
3.18 3.18 

Coe —— ж ———— = 318 F 


Example 4-11 


The emitter follower designed in Example 4-10 effectively 
“stepped up” the load resistance, as seen from the signal 
source, from 1002 to 2610. 


If the signal source has an output resistance of 6002, a typical 
value, the 2.61:1 increase in the effective value of R, is not 
sufficient to prevent significant loading of the signal source. 


For this reason, the circuit is to be redesigned using a Dar- 
lington pair configuration. Assume that two transistors like the 


one used in Example 4-10 are available for the design. Also 
assume гс” for each transistor is 5M(). 


First estimate the equivalent parameters for the Darlington package: 


Вор = В.Вг = 100(100) = 10 000 
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z In practice, the actual value of Bop, when the Darlington package is composed 
of two discrete transistors, will be less than the B,B; product. 


For this reason, we will derate the calculated value of Bp, by 40%. Thus: 


Bop = 0.6 B4Be 
Bp, = 0.6(10 000) = 6 000 


Ме, = 1.4V 
Ісі, = rc, = 5МО 


The first five steps in the design process are the same as in Example 4-10. 
We will simply note the results. 


1. Re = 1000 
2. г =500 

8. Ico = 80mA 
TN ay 
5. Veena 4V 


6. Ina Darlington package, the equivalent values of h,e and hfe аге 
very large. For this reason, Rnæasg is also quite large. Because 
of this, larger values of R4 and R2 can be used without loading 
the voltage divider. 


With a single transistor, Вг is usually chosen so that R2 < 10Re. 
As a guide, you can select R2 = 100R¢ if a Darlington arrangement 
is used. Thus: 


Нә = 100Rg = 100(100 0) = 10kQ 


Ra(Vcc - Vao) 


J. R4 = Vai 


Since Vega = 8V and the equivalent value of Vee is 1.4V, Veo 
= 8V + 1.4V or 9.4V. Thus: 


10КО(12У — 9.4V) 
І 9.4V 


= 2.76kN 


1 = 
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8. First estimate RiN(gAsE): 
Pin@ase) = hte, (ra, + П.Г), 
Since lg = 8mA: 


E 74mV _ 74mV = (йс 
le 8S0mA 


fes, 
Thus: 


Rinwase) = 6000(0.9250 + 502)||5M2. 
Rinwase) = 305.5КО|5МО = 288k0 


Rin equals RellRinease): Therefore: 
Rin = 2.16kQJ288kQ = 2.14kQ 
The minimum capacitor values are therefore: 


PES GANT „ыы 
1 FR 100(214қа) A 





3.18 3.18 
eee «ср 
C27 FR 3000000) = 


In Example 4-11, note that the load resistance, as seen from the signal source, 
has been stepped up from 100010 2.14kQ. 


If a larger value of R is required, you can increase the values of В; and Ro, 
while maintaining the same ratio. For example, if R4 = 27.6КО and R2 = 100К0, 
Rin is approximately 20.1КО. 


Increasing the values of R, and R; increases the input resistance. However, 
at some point, the effective DC resistance between the base of the transistor 
and ground, һеЕВе, begins to load the voltage divider. When this occurs, Мв 
is reduced. In this case, Ve and Ico will also decrease. For this reason, the 
Q point moves closer to the cutoff region. Thus the values selected for В; and 
Re represent a high input resistance/centered Q point trade-off. 





Common-Base and Common-Collector Voltage Amplifiers 4-65 


Self-Test Review 


Refer to Figure 4-25 for questions 11 through 18. 


hte7 hpp* 150 


Po 
VINT 3V PEAK 


lkHz 





Figure 4-25 


Circuit for Self-Test Review questions 11-18. 


11. The circuit in Figure 4-25 is to be designed so that the clipping level is 
approximately 6V. A reasonable value for Vcc is therefore ___V. 


12. Component values should be chosen so that Ica is approximately 
—тА. 


13. Мҥ$һоцабеаррохтайўу____ \. 


14. The input resistance seen by the 6002 signal source is. KQ. 


15. Assuming ум = ЗУ peak, vin’ is about _____ V peak. 
16. Assuming ум = 3V peak, vo is about ————V peak. 
17. С, should be larger than approximately ___p» F. 


18. Cə should be larger than approximately ___ pF. 
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Refer to Figure 4-26 for questions 19 through 22. 


19. 


20. 


21. 


22. 


гс = AMQ 


fey = 100 


ге; = 6MQ 


fe, 60 





Figure 4-26 
Circuit for Self-Test Review questions 19-22. 
hre,, ideally equals 


For purposes of design, a reasonable value to assume for hie» is 


rc, is approximately. MQ. 


VBE» is approximately — (— V. 


Answers 
11. 6V 

12. 13.4тА 
13. -144V 
14. 8.83kQ 


15. 2.81У peak 


16. 2.79У peak 
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The solution to questions 11 through 22 follow. 


11. In an emitter bias circuit, Vcc should be approximately equal to the desired 
clipping level. Therefore, Vcc should equal approximately 6V. 


Vcc + 0.7V 
12. Inanemitter bias circuit, lco = C ы 


rL 


п = ВАА, = 1kO||1k0, = 5000 


Thus: 


MN бш as n 
т 5000 | 


13. Vee = IcgRe + 0.7V 
Vee = 13.4mA(1kQ) + 0.7У = 14.1V 


14. Rin = RallRincaasey 


Since lcg = 13.4mA = le, re’ is: 


Rinease) = helfe’ + ru) 
RiN(BASE) = 150(2.760 + 5000) = 75.4kQ 


Вв = 10Rg = 10(1kQ) = 10КО 
Thus: 


Rin = 10КО|75.4КО = 8.83КО 


15. мм is the portion of ум developed across the input terminals of the amplifier. 
Since vin = 3V peak, Rg = 6000, and Ryn = 8.83k0, vn’ is: 


R 3V(8.83kQ 
VIN = -NN BM чазы S ц = 2.81V peak 
Rin + Rs 8.83kN. + 6000 


16. The peak output voltage, vo, equals AvviN . Thus: 


5000 
Ay = at = Aw = 0.994 
n + fe’ 5000 + 2.760 


vo = Ауим' = 0.994(2.81V) = 2.79V peak 
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17. 


18. 


19. 


20. 


21. 


22. 


2.38 аа 
ну o dKHz(B83kQ) 79 


3.18 "Ac MB inge ч\н 
SRL ткн) Сы 


C2 = 
Ideally, hte, = hte, Ne, = 100(60) = 6000 


hie, calculated in question 19 should be derated by approximately 40%. 
Thus: 


hte,, = 0.6(6000) = 3600 
rc, approximately equals rc’, or 4МО in this case. 


Уве, = 2Vge or approximately 1.4V for silicon transistors. 
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HYBRID PARAMETERS 


The principle AC BJT parameters discussed previously include о, B, гь’, гь’, and 
гс. Usually, data sheets do not directly specify values for these parameters. 
However, most data sheets do provide "typical values" of four or more "hybrid 
parameters." 


In this section, you will learn what hybrid parameters are, and why selected hybrid 
parameters are usually provided on BJT data sheets. In addition, you will learn 
how to use hybrid parameter values to estimate the AC BJT parameters discussed 
previously. 


Two-Port Networks 


A pair of terminals is called a port. In many circuits, the input signal is applied 
to one port, and the output signal is taken from a second port. Such circuits 
are referred to as two-port networks. 


Figure 4-27 illustrates this concept. Here, the two-port network is contained inside 
an imaginary "black box," which is assumed to be a "sealed unit." 


Re i % 








VIN (nv) BLACK BOX Ry 


Figure 4-27 


A generalized two-part network. 
The signal source is connected to the input port, and the load, RI, 
is connected to the output port. Note the initial assumptions for 
current directions, and voltage polarities. 


The only information available to us concerning the contents of the black box 
are the terminal currents, ¿4 and i2, and terminal voltages, v4 and vo. 


Naturally, values for the terminal currents and voltages could be obtained by 
making appropriate measurements. If a measured current direction, or voltage 
polarity, differs from the assumed direction or polarity in Figure 4-27, the mea- 
sured quantity is considered negative. 
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Two-Port Equations 


The terminal currents and terminal voltages in a two-port network are described, 
mathematically, by the following set of equations: 


v = ha + Ayove 
іо = hai + Nove 


Where: v4 and à are the input voltage and current. 
уг and ¿> are the output voltage and current. 
h11, hi2, һә, and Noo are constants. 


As you will see, you can obtain values for the constants by making appropriate 
measurements. Once you know the values for the constants, you can construct 
an equivalent circuit for the two-port network contained in the black box. 


DEFINITIONS AND UNITS 


Collectively, the constants h41, h12, h21, and h22 are called hybrid or h parameters. 
The h parameters are defined as follows: 


у 
hi = c when v2 = 0 


é 


іг 
ho; = C; when уг = 0 


3 V4 X 
iha = — when ú = 0 
v2 


£2 ў 
Noo = — when ú = 
v2 


The condition v2 = 0 is equivalent to the output being short-circuited. Similarly, 
the condition ¿4 = 0 is equivalent to the input being open-circuited. 
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It may not be practical to use an actual short-circuit or open-circuit when measur- 
ing h parameters. Frequently, a low-reactance capacitor is placed across the 
output terminals to simulate an AC short circuit. Likewise, a high-reactance choke 
is placed in series with the input terminals to simulate an AC open circuit. 


The term hybrid refers to anything of mixed origin. Since h44, h12, h24, and haz 
have units corresponding to a resistance, voltage gain, current gain, and admit- 
tance, the term hybrid parameters is most appropriate. 


A summary of the definitions of the hybrid parameters is provided in Table 4-3. 


In addition to being called the open-circuit reverse voltage gain, h;> is also referred 
to as the “reverse voltage transfer ratio” or the “voltage feedback ratio.” 


short-circuit input impedance 











short-circuit forward current gain 


open-circuit reverse voltage gain 


open-circuit output admittance 


TABLE 4-3 


Hybrid Parameters 
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Equivalent Circuits 


Equation 4-33 describes the input port. Specifically: 


yi = ћу + Mave (Eq. 4-33) 


| Leo Unitless 
Units of ohms 


Equation 4-33 suggests a series circuit composed of an equivalent input resis- 
tance, h11, and a dependent voltage source, havo. 


Similarly, Equation 4-34 describes the output port. Specifically: 


£2 = hart, + һәгу2 (Eq. 4-34) 


| fies Units of siemens 


Unitiess 


Equation 4-34 suggests a parallel circuit composed of a dependent current 
generator, h244, and admittance h>>v2. 


BLACK BOX 





Figure 4-28 


Hybrid parameter model for the generalized two-port network in 
Figure 4-27. 
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By combining the two equivalent circuits, suggested by Equation 4-33, and Equa- 
tion 4-34, into a single package, you obtain the h parameter model of a two-port 
network illustrated in Figure 4-28. 


By analyzing the equivalent circuit in Figure 4-28 it is possible to derive equations 


for A;, Av, Ap, Rin, and Ro that apply to virtually any two-port network.* The 
results of such an analysis are provided in Table 4-4. 


It is important to realize when you use the formulas in Table 4-4, that the “actual 
contents” of the black box are not important. If the h parameter values are known, 


you can calculate the responses in Table 4-4. The actual contents could be a 
passive circuit, filter, attenuator, or BUT amplifier. 


Current gain A; = кее 
9 У 1 + һәр 
Voltage gain =» чаш 
a һала — һу1(1 + hər) h,4(1 + h;əru) 


Input resistan Rin = Aaa — иг 
put resistance IN 11 T+ Rost 


Output resistance 

















TABLE 4-4 


Two-port network hybrid parameter formulas. 


Ы Two-port networks for which h parameter analysis is valid must satisfy certain conditions. The “details” of 
these conditions have been omitted for simplicity. 
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BJT h Parameters 


Since a transistor can be treated as a two-port device, it is possible to specify 
"typical values" of h41, h12, hə,, and hz» for a particular type transistor. It is impor- 
tant to realize, however, that the h parameter values will depend upon the BJT 
configuration. 


For this reason, the h parameter values listed on a data sheet do not use the 


"number notation" discussed previously. Instead, a "letter notation" is used as 
indicated in Table 4-5. 


Short-circuit лен 


Short-circuit forward 


current gain. 


Open-circuit reverse 
voltage gain. 


Open-circuit output 
admittance. 





TABLE 4-5 


BJT h parameter notation. 
In Table 4-5 note that: 


1. Тһе first letter indicates whether the parameter is an input, forward, 
reverse, or output parameter. 


2. The second subscript indicates the particular BUT configuration — 
common-emitter, common-base, or common-collector. 
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—(Ne ar 1) 


=1-he~1 





TABLE 4-6 


Approximate h parameter conversion formulas. 


Manufacturers data sheets rarely provide a complete set of twelve h parameters 
for each type transistor. Usually, h parameter values are provided for the common- 
emitter configuration, the common-base configuration, or a combination of the 
two. 


For this reason, it is often necessary, when working with h parameters, to convert 
the parameter values for one configuration to the equivalent parameter values 
for another configuration. Table 4-6 summarizes the most frequently required 
conversion formulas. 
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COMMON- BASE 





COMMON- COLLECTOR 
Figure 4-29 


Small signal, AC, h parameter BUT models. 
A. Common-emitter. 
B. Common-base. 
C. Common-collector. 


BJT h PARAMETER ANALYSIS 


By substituting the appropriate letter notation, in Table 4-5, for h44, hy2, h21, and 
h22 in the general h parameter model in Figure 4-28, you obtain the AC equivalent 
circuits in Figure 4-29. The following example illustrates how h parameters can 
be used to analyze a typical amplifier. 


Example 4-12 


The data sheet for the BJT in Figure 4-30A lists the following 
h parameter values for Iç = 1mA. 


When you are using h parameters, the units for ho, is siemens, 
NOT TIME. Therefore, 13 pS means micro siemens. 
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30V 


Qvo 


грек [А = 6k9 


Figure 4-30 


Circuits for Example 4-12. 
A. Original circuit. 

B. AC equivalent circuit. 
C. hparameter model. 





6kQ 





h PARAMETER MODEL 


= 
% 
І 


3.5кО һе = 2.75 x 107 
Ne = 140 hoe = 1365 


Using these values, estimate Ау, Ку, апа Ro, for the amplifier 
in Figure 4-30A. 
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Table 4-5 indicates that: 
ћ = hie hi2 = һе 
ha, = hie h22 = Noe 


Reducing the DC sources to zero, and shorting the capacitors results in the AC 
equivalent circuit in Figure 4-30B. Similarly, by replacing the BUT with its common- 
emitter h parameters model you obtain the h parameter model in Figure 4-30C. 


Referring to Table 4-4 we have: 


heir, 
ГИ е SERRE aan. жые 
hihira — ћ1(1 + hn) 
Ts 140(6kQ) 
ie (2.75 x 10—)(140)(6КО) - 3.5kO[1 + 134 S(6kQ)] 
40k 
Ay = E ees... 236 
0.231kQ — 3.78kQ 
Azahar 
Sig eee 
Rin i 1 + hear, 
2.75 x 107 ^(140)(65kQ 
R = ask! С жабайы Шы УАЗ) 


1 + 13uS(6kQ) 
Rin = 3.5kQ — 0.214k = 3.29kQ 


This value of Rin represents the input resistance looking into the base of the 
BUT in Figure 4-30. The input resistance seen by the signal source is therefore: 


Rin = RallRinease) =6.67kQ||3.29k0, = 22kQ 


1 
Ro = 


ha42h24 
== 
h. Rs 
a 1 
E d 542275 х 10-5)(140) 
z 3.5kQ + 0.6КО 
A 
Ro = 277КО (BJT) 


= 1305 — 9.39us 
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This value of Ro represents the output resistance looking back into the collector 
of the BUT. The output resistance of the amplifier in Figure 4-30 equals the parallel 
combination of Ro and Re. Thus: 


Ro = 277К0)15КО = 14.23KQ (complete circuit) 


Example 4-13 


Suppose you wanted to use the BJT in Example 4-12 in an 
emitter-follower, common-collector circuit. What are the ap- 
propriate h parameters values? 


Since you know the common-emitter values, you can convert them, using Table 
4-6, to the required common-collector values in this manner: 


hic = hi = 3.5kQ 

hi = — (Me + 1) = — (140 + 1) = —141 
Ne = 1 — he = 1 – 2.75 х10-4-1 
hoc = Nog = 13uS 


Approximate Versus Hybrid Methods 


Soon after transistors were introduced, the use of h parameters became the 
preferred method for the analysis and design of BUT circuits. Since h parameters 
are relatively easy to measure, manufacturers supplied, and continue to supply, 
h parameter information on BJT data sheets. 


Once h parameter methods were firmly established, the approximate methods 
discussed earlier became increasingly popular. Compared to h parameters, the 
approximate methods offer the following advantages: 


1. Generally speaking, the approximate methods require fewer calcu- 
lations than the h parameter methods. 


2. Approximate methods enable you to analyze and design many use- 
ful circuits in the absence of the BJT's data sheet. For example, 
most small-signal voltage amplifiers can be analyzed, or designed, 


' 37mV 
by assuming a = .99, г’ = 


| 
гс'>>Ң\|. E 





, t = 0, В = 100, and 


Since the approximate methods are easy to work with, they will be emphasized 
in this course. 
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Useful Conversions 


In some circuits, гь’ and/or гс’ cannot be neglected. In addition, if a BJT's data 
sheet is available, you should use the data sheet values of a or B in your calcula- 
tions. For these reasons, it is sometimes necessary to estimate values for a, 
B, re’, гь’, and гс’ based on the h parameter values provided on the data sheet. 
Approximate formulas for making the appropriate "conversions" are provided in 
Table 4-7. Since г.’ varies with lg, the relationship ге! = hip is valid only if the 
value of hip is specified at the value of lg in the actual circuit. 


Approximate Equivalents 


1 -2 Be 


Qo 08 +1) he + 1 














TABLE 4-7 


Useful conversions. 


Example 4-14 


Estimate values for a, B, г.” т,” and rc’ assuming һе = 3.5k(), 
hg = 140, bye = 2.75 x 107% and hoe = 1348. 


4 
ТИЕР тр с ВТЕР 
aC qas 5921 


2. B = Ne = 140 
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‚_ һе _ 3.5kQ 
3 Ге = ---- = - 
ie 140 
hreh 
4 fe RE hie 22 fe! ге 
Noe 
; 140(2.75 x 107$) 
ы = 3.5kQ — ——q sN 


13.5 


ты = 3.5КО — 2.96kQ = 5400 


Self-Test Review 


23. A pair of terminals is referred to asa 


24. һіі represents the input impedance of a two-port network when the output 
terminalsare ey 


25. Noo represents the output admittance of a two-port network when the input 
terminals are 


Use the following h parameter values for questions 26 through 32. 


Пе =2К@© © cive) 
hte = 130 Noe = 1405 
26. hi. approximately equals __ 1. Q. 


27. h,eapproximately equals 





28. Assuming the В.Т is used in a common-emitter circuit, апа г, = 10К0, 
the voltage gain is approximately 


28. wp с ые = NM 
30, т эшш == Q. 
31. Te eI. Mo. 


32. B= 
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Answers 


23. port 

24. short-circuited 
25. open-circuited 
26. 15.270 


27. 1 





The solutions to questions 26 through 32 follow. 


26. Refer to the CE to CB formulas in Table 4-6. 


27. Refer to the CE to CC formulas in Table 4-6. 
he = 1 — he = 1 — 1.1 x 10-4 = 1 
28. From Table 4-4: 


hair. 


A ann a M MES 
Ы Піл — П{{(1 + һә) 
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In this case, h44 = he = 2КО, ha. = Me = 130, hi2 = he = 1.1 х 
107^, and h22 = Noe = 14.5. Therefore: 


x: 130(10kQ) 
Y (13 x 1074)(130)(10kM) — 2kO[1 + 145S(10kQ)] 
1300kQ 
Ac = 008,3 


0.143КО - 2.28к0 


29. From Table 4-7 ге”! = hip. Since hip was calculated to be 15.270 in question 
26, re' = 15.270. 


30. From Table 4-7: 





hiehrs 
n hi зы, 
Tb е Noe 
130(1.1 x 1074 
ы = КО — fes oss DS 


1445 


гы = 2kQ — 1.02kQ = 9800 


31. From Table 4-7: 


32. From Table 4-7: 


B = he = 130 
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SUMMARY 


The analysis and design of common-base amplifiers is similar to the analysis 
and design of common-emitter amplifiers. Unlike common-emitter amplifiers, the 
input and output signals in a common-base amplifier are in phase with each 
other. 


The principle disadvantage of a common-base amplifier is that it usually has 
low input resistance. Since common-emitter amplifiers have larger input resis- 
tances, they are preferred for low and mid-frequency applications. 


Common-collector amplifiers are referred to as emitter followers. Typically, emitter 
followers are characterized by a voltage gain of approximately 1, large values 
of Rin, and small values of Ro. 


These characteristics make emitter followers ideal for impedance matching and 
buffering applications. Like the common-base amplifier, the input and output sig- 
nals in an emitter follower are in phase with each other. 


Darlington pairs are used when an emitter follower is required to have a very 
large input resistance. You can obtain Darlington pairs by using two discrete 
BJTs, or purchasing a single-unit package. In any event, when you analyze Dar- 
lington pair emitter followers, you must remember to include the effects of rc’. 


By referring to the emitter-follower design guide, you should be able to design 
useful emitter follower circuits. In many cases, the final design will require a 
compromise between large values of Rin, and a centered Q point. 


BJT data sheets usually provide values for selected hybrid or h parameters. Exam- 
ples are provided to illustrate how h parameters can be used to analyze BJT 
circuits. 


Since the approximate methods are easy to use, they are the methods em- 
phasized in this course. Various tables are provided that should assist you when 
you work with h parameters. Table 4-7 is especially useful, since it lets you convert 
h parameter values to the AC BJT parameters introduced in the previous units. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1. In Figure 4-31, the voltage gain is approximately: 


— 11.87. 
11.87. 
— 108.1. 
Unity. 


oom» 


-10V 10V 


3002 
"0 


YIN 20kQ 


Figure 4-31 


Circuit for questions 1 to 3. 


2. In Figure 4-31, the circuit’s input resistance is approximately: 


7.36kQ. 
5кО. 
4КО. 
324.80. 


coo» 


3. In Figure 4-31, the output resistance is approximately: 


А. 4КО. 

B. 5k. 

C. 20k. 
D. 7.36КО. 
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4. An emitter follower is an example of a: 


Common-emitter amplifier. 
Common-base amplifier. 
Common-collector amplifier. 
High gain amplifier. 


com» 


5. In Figure 4-32, a reasonable value for Re is: 


A. 5MQ. 

B. 500kQ. 

C. 50kQ. 

D. 5kQ. TOV 

Nee x hte = 100 
R1 
- IL+ 
+ - 
vo 
v IN К? Re 1kQ 


Figure 4-32 


Circuit for questions 5 to 7. 


6. In Figure 4-32 if Ro = 10Rg, R4, should equal: 


А. 8.14kQ. 
В. 22КО. 
C. 33k. 
О. 50КО. 


7. In Figure 4-32 Rın equals approximately: 


A. 50k. 

В. 12.2kQ. 
C. 9.76КО. 
О. 6.47КО. 
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The following h parameter values applv to questions 8 through 11. 


hie = ЗКО he = 1.2 х 10-4 
he = 115 — hg = 809 


8. h, approximately equals: 


A. 0.87 x 10 4. 
B. 1.63 x 1074. 
С. 225»x10 * 
D. 6.3 х 1074. 


9. hæ approximately equals: 


A. 0.069,5. 
B. 1.2748. 
C. 5.6348. 
D. 8,5. 


10. гс approximately equals: 


A. 8.49МО. 
B. 10.63М0. 
С. 14.49М0. 
О. 23М0. 


11. г, approximately equals: 


12.60. 
1260. 
370. 
1.26КО. 


oom» 











В = 


Common-Base апа Common-Collector Voltage Amplifiers | 4-89 


EXAMINATION ANSWERS 


Жн. ДЕ 
In a common-base circuit, Ay = —————. 
Re, Tie 


| Vee — Vee 10У – 0.7У 
Е = — — = —— -— z = 


1тА 
Re 9.3kQ 


37mV 37mV Ж 


IIT E. 


JE 1mA 
r. = RellR. = БКО|20КО = 4КО 
Since Re, = 3000: 


4kQ 
Ay = ———— = 11.87 
3000 + 370 


Rin = Ве(Ве, + re") 
Rin = 9kO[(3000 + 370) 
Rin = 324.80 


In acommon-base circuit, Ro = Rc. Thus, Ro = 5КО. 
Acommon-collector amplifier is referred to as an emitter follower. 


As a guide Re equals 1 to 5 times the value of R,. Since В, = 1k, 
a reasonable choice for Ве is 5КО. 


To calculate R;, you must first calculate values for Vga and Ro. Thus: 


кые NN 10V 

сод + BKM + 5kOJkO 
10V 

lcg = ——— = 171mA 

са” Бвззко 


Vea = lcoRe = 1.71mA(5kQ) = 8.6V 
Уво = Vea + 0.7V = 9.3V 
Ro = 10Re = 10(5КО) = 50k 


= kQ(10V — 8.6V 
В, = Ceres Yao Маар ш о > s. Ба menace 
BQ . 
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7. D— Rs = В.А = 8.14k0|50k0 = 7kQ 
Rinease) = hre(rL + Ге”) 
Since Ісо = 1.71mA and r,' = 37mV/1.71mA or 21.640: 
Rinease) = 100(8330 + 21.640) = 85.5k0 
Finally: 
Rin = RəllRiNease) = 7К0|85.5КО = 6.47к0 


8. A— From Table 4-6: 





noo Dalee | 
Е ЛЕЯ i 
3Кк0(8,5) 4 
ШІ —— x — 1.2 x 10^ 
ho = 75-1 
-4 
ЕЕ 42x 10-49087 x 10- * 
116 
9. A— From Table 4-6: 
h 
hob = c ы = 88 = 0.069us 





hie + 1 115 + 1 


10. C — From Table 4-7: 





11. D — From Table 4-7: 


.87 a 
fp! = Юа асаа = 12.6 х 1020, 
һо 0.069,5 


UNIT 5 


POWER AMPLIFIERS 
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INTRODUCTION 


Generally speaking, amplifiers may be described as being either voltage or power 
amplifiers. Units 3 and 4 discussed the analysis and design of voltage amplifiers. 
In this unit we will consider the analysis and design of selected power amplifiers. 


As you know, voltage amplifiers are used to increase signal levels. Once sufficient 
voltage levels are available, a power amplifier is employed to drive the actual 
load device. Thus, the power amplifier is the last stage of amplification in a typical 
amplifier system. 


Since the current and voltage swings in power amplifiers are quite large, power 
amplifiers are also called “large signal” amplifiers. Both voltage (small signal) 
and power (large signal) amplifiers may operate in the class A, class AB, class 
B, or class C modes. You will examine all four of these operating modes in 
this unit. 


In addition, examples illustrating the design of class A and class AB power 
amplifiers will be provided. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 
1. Analyze and design the following types of power amplifiers: 
A. Class ARC coupled. 
B.  ClassA transformer coupled. 
C. Class AB push-pull, complementary-symmetry. 
2. Sketch circuits for Darlington and quasi-complementary symmetry circuits. 
3. Discuss the operation of a basic class C amplifier. 


4. Perform a three-point distortion analysis. 


5. Explain how harmonic and crossover distortion can be minimized in typical 
power amplifiers. 
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UNIT ACTIVITY GUIDE 


ПП Read the section on “Power Amplifier Fundamentals". 


Г] 


Answer Self-Test Review questions 1-15. 


[] Read the discussion of distortion in the section on "Distortion, class B, class 
AB, and class C Amplifiers". 


[] Perform Experiment 8 in Unit 9. 


LJ Finish reading the section on “Distortion, class B, class AB, and class С 
Amplifiers". 


Answer Self-Test Review questions 16-25. 
Perform Experiment 9 in Unit 9. 
Study the Summary. 


Complete the Unit Examination. 


OF ГА ur] Ee 8 


Check the Examination Answers. 
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POWER AMPLIFIER FUNDAMENTALS 


Of the various types of amplifiers available, class A amplifiers are the least effi- 
cient. For this reason, class A amplifiers are usually limited to relatively low power 
applications. 


In this portion of the unit we will discuss essential power amplifier concepts. 
In addition, several examples illustrating the analysis and design of class A power 
amplifiers will be provided. 


Voltage Versus Power Amplifiers 


A typical amplifier system consists of a signal source, one or more voltage 
amplifiers, a power amplifier, and the load. This concept is illustrated by the 
simplified public address system shown in Figure 5-1. Note that the amplifier 
chain between the signal source (microphone) and load (speaker) consists of 
three voltage amplifiers and one power amplifier. 


When several voltage amplifiers are cascaded, as in Figure 5-1, the first stage 
is usually referred to as a preamplifier. Similarly, the stage preceding the power 
amplifier is called the driver. In Figure 5-1, note that, as the signal moves through 
each stage, its power level increases. Compared to power amplifiers, the signal 
amplitudes and power levels in voltage amplifiers are relatively small. Therefore, 
voltage amplifiers are considered low-level stages, and power amplifiers high-level 
stages. 


The essential difference between voltage and power amplifiers is the amount 
of quiescent and signal power associated with each amplifier. Naturally, the tran- 
sistors used in power amplifiers (power transistors) will have current and voltage 
ratings considerably larger than their small-signal counterparts. 


VOLTAGE AMPLIFIERS 


/ \ SPEAKER 


MICROPHONE © 
VOLTAGE RRR POWER i = 
b) PREAMPLIFIER "M P AMPLIFIER FS 
SS 
(uw) (mw) SEVERAL HUNDRED mW 
TO HUNDREDS OF W 


Figure 5-1 


An elementary public address system. 
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Modes of Operation 


Power amplifiers are classified according to their mode of operation. The four 
fundamental modes include class A, class AB, class B, and class C. For a given 
amplifier, the particular mode of operation is determined by the quiescent condi- 
tions. The fundamental modes of operation are described in the next four para- 
graphs. 
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CLASS A 


In this mode, AC collector current flows during the entire cycle, 360°, of the AC 
input voltage as shown in Figure 5-2A. To achieve class A operation, the Q 
point is located in the middle of the AC load line. Class A operation assumes 
the amplitude of the AC input signal is small enough to avoid clipping. Also, 
since class A amplifiers operate in the linear region, distortion is minimum. 


CLASS AB 


Here, AC collector current flows for more than 180° but less than 360° of the 
AC input cycle. The collector current produced in a class AB amplifier is illustrated 
in Figure 5-2B. Class AB operation is achieved by locating the Q point closer 
to either the saturation or cutoff end of the AC load line. 


CLASS B 


When AC collector current flows for 180°, or exactly one-half of the AC input 
cycle, you have class B operation as shown in Figure 5-2C. Class B operation 
is achieved by locating the Q point at cutoff. Consequently, a class B amplifier 
amplifies only one-half of the AC input voltage. 


CLASS C 


In this mode, AC collector current flows for less than 180° of the AC input cycle 
as shown in Figure 5-2D. To achieve class C operation, the Q point is located 
“beyond cutoff’. This means that the emitter-base junction is actually reversed 
biased. Hence, the AC input voltage must overcome the reverse-bias voltage 
before the transistor can conduct. For this reason, a class C amplifier amplifies 
only a small portion of the AC input signal. 


Clearly, the collector currents in class AB, class B, and class C amplifiers are 
distorted versions of the AC input signal. In the second part of this unit, you 
will see how these distorted waveforms can be processed to obtain output volt- 
ages that closely resemble the original AC input voltage. 


© 





i, (0 


CLASS A 





CLASS B 


ic (t) 


ha Te 


CLASS C 


Figure 5-2 


Collector current in a class A, class AB, class B, 
and class C amplifier. 

Class A. 

Class AB. 

Class B. 

Class C. 


oo» 


cq 
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Small and Large Signal Operation 


The class A voltage amplifiers discussed in Units 3 and 4 are examples of small 
signal amplifiers. 


In a small signal amplifier, the swings in collector current and collector-to-emitter 
voltage are limited to the middle portion of the AC load line, as shown in Figure 
5-3A. Naturally, a small signal amplifier can be overdriven by a large input signal. 
However, assuming normal operation, the amplitude of the input signal is small 
enough so that the swings іп Іс and Vcg appear as shown in Figure 5-3A. 


Large signal, or power, amplifiers are specifically designed to obtain the largest 
possible changes in collector current and collector-to-emitter voltage. Con- 
sequently, the signal swings in class A power amplifiers normally appear as shown 
in Figure 5-3B. Here, the maximum possible peak values of the AC collector 
current, and AC collector-to-emitter voltage, equal Ica and Vcgo respectively. 





SMALL-SIGNAL OPERATION 





/ 


MAXIMUM POSSIBLE 
SIGNAL SWINGS 


Figure 5-3 


Small and large signal operation of a class A amplifier. 
A. Small signal operation. 
B. Large signal operation. LARGE-SIGNAL OPERATION 


Power Calculations in Class A Amplifiers 


The formulas used to compute power in DC circuits, Р = VI, Р = I?R, and 
Р = V?/R, apply to AC circuits if the values of V and | are rms values. 


By way of introduction, we will calculate the various powers associated with the 


class A voltage amplifier shown in Figure 5-4A. The AC load line for this amplifier 
is sketched in Figure 5-4B. 


Vo 





CLASS A VOLTAGE AMPLIFIER 


Ic mA] 


lc (sat) = 2mA 


Icgz 1mA 


Усы) 





Уса 2334 Verc uy V 


А C LOAD LINE 


Figure 5-4 


Class A voltage amplifier, and its AC load line. 
A. Class A voltage amplifier. 
В. AC load line. 


P 


ower Amplifiers 5-1 1 
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DC INPUT POWER 


In Figure 5-4A, DC power is dissipated by the biasing resistors, collector resistors, 
emitter resistor, and the transistor. These DC powers are calculated as follows: 


1. Biasing Resistors — Neglecting the small DC base current, lg, 
resistors R, and R2 are connected in series across the 15V supply 
voltage. Thus: 


В, + В, 86.6к0 + 41.9к0 — 128.5kO 


2. Collector Resistor — Since Ico = 1mA the power dissipated by 
Rc is: 


P = (Ico)2Rc = (1тА)(7.48КО) = 7.48mW 


3. Emitter Resistor — Since leq = Ica, the power dissipated by 
Re is: 


Р = (lcg?Re = (1mA)(4.19kQ) = 4.19mW 


4. Transistor — Recall from Unit 2 that the power dissipated by a 
transistor under quiescent conditions is: 


Poa = Vceolco = 3.33V(1mA) = 3.33mW 


The total DC power, supplied by the 15V source to the circuit, equals the sum 
of the powers computedin steps 1 through 4. Thus: 


Poc = 1.75mW + 7.48mW + 4.19mW + 3.33mW 
Poc = 16.75mW 


Since the DC current in the biasing resistors is small compared to Ico, the total 
DC power supplied to the circuit is approximately equal to Уссісо. Thus: 


Рос = Vcclco 


For example, since Vcc = 15V and Ico = 1mA, the total DC power approximately 
equals 15V (1mA), ог 15mW. Since 15mW is 89.5 percent of 16.75mW, you 
can see that the approximate formula is reasonably accurate. 
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AC OUTPUT POWER 


The AC equivalent circuit for the amplifier in Figure 5-4A is shown in Figure 
5-5. Here, maximum power is supplied to the AC load resistance, гп, when ic 
and vce are maximum. 


In a class A amplifier, the maximum possible peak values of ёс and vce equal 
Іса and Vceq respectively. Also, when calculating AC power, rms values must 
be employed. Thus, the maximum possible AC output power is: 


P = (0.707 Vceo)(0.707 Ico) 
P = [(0.707)(3.33V)][(0.707)(1mA)] = 1.67mW 










Rp = 28.2kQ r= 3.33к0 


к.) RI) 


Figure 5-5 


AC equivalent circuit of the amplifier in Figure 5-4A. 
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It is important to realize that only a portion of the AC output power is supplied 
to the actual load device, R,. The remaining portion is dissipated by the collector 
resistor, Rc. Referring back to Figure 5-4, you can see that the AC power supplied 


to Ң is: 
(0.707VcEq)* [0.707(3.33V)]? 
Р = — —— — = um  — -0. 
AL БИТ 0.924mW 
Similarly, the AC power supplied to Rc is: 
0.707Vcea)* 0.7073.33 W 
Б Уан ТОЛА ЗАЯ; asin 


Rc 7.48kQ 


Note that the sum of the power dissipated бу R. and Rc equals the power dissi- 
pated by r, in Figure 5-5. If the amplifier employed a partially bypassed emitter 
resistor, the unbypassed portion of the emitter resistor, Re,, would also dissipate 
AC power. In this case, the portion of the AC output power supplied to R. would 
be even less than what it is in this example. 


AC INPUT POWER 


In Figure 5-5 the AC power supplied by the signal source to the circuit is: 


2 
VIN 
Rin 


ps 





Where Rin equals РА мвлѕе): 


For example, if ум is 14.3mV rms and Ryw is 1КО, the AC input power equals 
(14.3mV)?/1kQ or, approximately, 0.2.W. 


Clearly, when you are discussing the “power” associated with a particular 
amplifier, it is important to distinguish between the DC input power, the AC output 
power, the portion of the AC output power supplied to R,, апа the AC input 
power. 
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© Useful Class A Power Formulas 


The DC input power equals the product of the supply voltage and the current 
drawn from the supply. Thus: 


Poc = Усс|!со + Ia] =Vecleq (Ед. 5-1) 


The portion of the DC input power dissipated by the transistor under quiescent 
conditions is: 


Ppo = Vcealco (Eq. 5-2) 


Recall that the remaining portion of the DC input power is dissipated in the biasing, 
collector, and emitter resistors. 


At different portions of the AC input cycle, the transistor will dissipate power 
less than, equal to, and greater than the quiescent value. However, for a symmetri- 
cal input voltage, the average power dissipated by the transistor equals the 
quiescent value. 


The AC output power equals vcgíc, where vce and ¿c are rms values. Usually, 

when the term AC output power is used, it refers to the maximum possible AC 

output power. Since the maximum possible peak values of vce and ¿c are Vcea 
--- and leq respectively, we have: 


Pac = (0.707Vceq)(0.707 Ica) 
Pac = 0.5Vcealca 


Since Pog = Усесісо. the maximum possible AC o stput power, Pac, is: 
Pac =0.5Ppq (Ед. 5-3) 


Thus, in a class A amplifier, the maximum possible AC output power equals 
one-half the power dissipated by the transistor under quiescent conditions. For 
example, if the no signal power dissipated by the transistor is 10W, the maximum 
possible AC output power is 5W. 
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Recall that only a portion of the AC output power is supplied to the load, Ri. 
Assuming a fully bypassed emitter resistor, the AC output power divides between 
Rc and R. as follows: 


_ (Vczo)° 

= я, (Eq. 5-4) 

_ (VcEa)* 
Finally, recall that the AC input power supplied by the signal source to the circuit, 
Pin, is: 

ve (vin)? ^ 

Pin = Ae (Eq. 5-6) 

Efficiency 


Efficiency is a measure of the ability of an amplifier to convert the DC input 
power to AC output power. The collector efficiency of a power amplifier is de- 
fined as follows: 


P 
n2 — x100 (Eq.5-7) 
Ppc 


where: т = collector efficiency in percent. 
Pac = AC output power in watts. 
Ppc = DC input power in watts. 


For example, if Pac = 1W апа Poc = 10W, the collector efficiency, т, would 
be 10%. This means that 10% of the DC input power is converted into AC output 
power. 


Since Pac = 0.5, Poa = 0.5Усесісо, and Рос = Vcclco, Equation 5-7 can 
be written as follows: 





Vcea 
= x 100 Eq. 5-8) 
т Noe (Eq 
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We are especially interested in how effective an amplifier is in supplying АС 
power to the load, Ri. Consequently, we will define conversion efficiency, 7’, 
as follows: 


AC power supplied to R 
qoe P ad рр! Lx 100 
DC input power 


Thus: 


(Vcea)* 
qm ее еске Opa МЕС 5:9) 


2VcclcoR. 
Comparing Equation 5-9 with Equation 5-8 indicates: 


nVcea 
IcaRı 


, 


т = 


In a class A amplifier, Vceq = Icar. Thus, by substituting Icar, for Vcgo in the 
previous expression, you find: 


2 тг. 


= Eq. 5-1 
т R (Eq. 5-10) 
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Example 5-1 


For the class A power amplifier in Figure 5-6, work out values 
for the following quantities: 


A. The power dissipated by the transistor under quies- 
cent conditions. 

The DC input power. 

The AC output power. 

The AC power supplied to Бі. 

The collector efficiency. 

The conversion efficiency. 


INW 





Vo 
R. 
1500 
R Re + 
2502 250 T> 
Figure 5-6 


Circuit for Example 5-1. 
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A. In order to calculate Ppg you must first calculate values for Усео and Ico. 
Thus: 


VccRe 60V(2500) 
V = —  Ü?O— —E— n. = — > TV 
В, +В,  238КО + 2500 5 


Ve = VB = Vee = 5.7V -0.7V = 5V 


= — = — -02A-I 
Ет nace ОА = ica 


Væ = Vcc - lc(Rc + Ве) 
Voce = 60V - 0.2А(1500 + 250) = 25V = Vcea 


Poa = Усесіса = 25V(0.2A) = 5W 


B. Ppc = Vcclco = 60V(0.2A) = 12W 


(os Pac = 0.5Ppq = 0.5(5W) = 2.5W 








Мсға)? 25V)? 
(сеа) _ (25У) ЕЛЕ 


D Pa- 3 20, 
R 2R. 2(7500) 


Note that only a small portion of the "AC output power” is supplied to R, . 








V 
E. n= <“ x 100 
cc 
Е 2 ty OUR 
^ (60У) ЖЗ 


This indicates that 20.8% of the DC input power is converted to AC output 
power. Incidentally, the theoretical maximum value for the collector effi- 
ciency of a class A power amplifier is 25%. Therefore, the collector effi- 
ciency of the amplifier in Figure 5-6 is near the maximum possible value! 


ri 
F. т = Ie 
RL 


r. = 7500/1500 = 1250 


_ 20.8%(1250) _ a 
алса тайы айы 

The conversion efficiency, т, indicates that only 3.47% of the DC input power 
is converted into useful AC load power! As you can see, class A amplifiers are 
not very efficient. 
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Maximum Dissipation Hyperbola 


Every transistor has maximum ratings that cannot be exceeded without damaging 
the transistor. For this reason, manufacturers specify the following quantities: 


1. Maximum continuous collector current — lc(MAX)- 
2. Maximum collector-to-emitter voltage — Vcemax)- 
3. Maximum power dissipation — Рг(мах)- 


The value of Ргмах) is usually specified for an ambient temperature of 25°C. 
For higher ambient temperatures, Pojmax) must be derated as рег the manufac- 
turer's specifications. In addition, even if the ambient temperature is 25°C, some 
circuit designers will derate Рг(мах) by approximately 10 to 20 percent. This is 
done so that the transistor operates slightly below its design limit. 


The various maximum ratings impose limits on the permissible, or safe, operating 
region of the transistor, as shown in Figure 5-7. Thus, to operate the transistor 
in the safe region, the Q point must lie on or below the Pp(uAx, curve, called 
the maximum dissipation hyperbola, shown in Figure 5-7. 







Ie (тах) 


I 


Р (тах) * Усе Ic 


DERATED CURVE 
ше 


0 


Ус(тах) 


SAFE 
AREA 


Figure 5-7 


Maximum dissipation hyperbola. 
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Example 5-2 
The data sheet fora power transistor lists the following values: 


Мсҥ(мАх) = 20V 
Pot» — 1.875W 


Assuming Рымах) is derated by 20%, sketch the transistor's 
dissipation hyperbola. 


The maximum dissipation hyperbola is simply a graph of the equation Pp (MAX) 
= Vcelc. In this example, Рг(мах) is to be derated by 20%. Thus: 


Poma = 0.8Poman 
Рымах) = 0.8(1.875W) = 1.5W 


By assuming values for Vce, you can calculate the corresponding values of Ic 
from: 


lc = Poway (Eq. 5-11) 
Vce 
For example, when Vce = 20V, the corresponding value of Ic, which results 


in a power dissipation of 1.5W, is 1.5W/20V or 75mA. The results of similar 
calculations for additional values of Vcg are provided in Table 5-1. 


lc = 15WNce (mA) 





TABLE 5-1 


Values of се and Ic that resuitin a power 
dissipation of 1.5W. 
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VCE(max) 


Figure 5-8 


Maximum dissipation hyperbola for Example 5-2. 


The power dissipation hyperbola is obtained by graphing the data in Table 5-1 
as shown in Figure 5-8. 


With calculus, it is possible to prove the following important points: 


1. If the AC load line is tangent to the maximum dissipation hyperbola, 
the maximum possible AC output power will be obtained. 


2. At the tangent point, the slope of the maximum dissipation hyper- 
bola is the same as the slope of the AC load line, — 1/r, . 


These concepts are graphically illustrated in Figure 5-9. Here, note that two AC 
load lines have been chosen so that the respective Q points, Q, and Q>, аге 
tangent to the maximum dissipation hyperbola. Specifically: 
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, 
Pptmax)*l- 5W 


01 (3V, 500mA) 





Figure 5-9 


Any AC load line chosen so that it is tangent to the maximum 
dissipation hyperbola, at the Q point, results inthe maximum 
possible AC output power. See text for details. 


At Qi, Vcea = 3V and lcg = 500mA. 

Thus: 
Ppa = Vceolco = 3V(500mA) = 1.5W 
Pac = — =—— =0.75W 


Similarly, at Qo Vceq = 5V and Ico = 300mA. Thus: 


Poa = Vcealca = 5V(300mA) = 1.5W 


In each case, the maximum possible AC output power, 0.75W, was obtained 
because both AC load lines were tangent to the maximum dissipation hyperbola. 


The AC load resistance, г, corresponding to each load line in Figure 5-9, can 
be calculated from the Q point values as follows: 





_ Мока, ЗУ. 
see 500mA 
Усва, _ 5V 


= 16.670 





Ico, ЗООтА 
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Transconductance Curves 


You can obtain the transconductance curve of a device by plotting output current 
versus input voltage. For this reason, a BJT's transconductance curve is rep- 
resented by a graph of collector current versus base-to-emitter voltage, as shown 
in Figure 5-10. 





Figure 5-10 


BJT transconductance curve. 


At each point on the curve in Figure 5-10, the value of the BUT’s transconduct- 
ance equals the ratio of collector current to base-to-emitter voltage. It is useful 
to distinguish between two types of average transconductance values as follows: 





SMALL SIGNAL VALUE 
= Мс = 
Gn TET (Eq. 5-12) 
Where: Alc and AVge represent small changes in the collector current and 


collector-to-emitter voltage respectively. 
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LARGE SIGNAL VALUE 
eas (Eq. 5-13) 
BE 


Where: Alc and AVee represents large changes іп the collector current and 
collector-to-emitter voltages respectively. 


Since lg == lc, transconductance represents the AC conductance of the emitter 
diode. Also, since resistance is the reciprocal of conductance, the small-signal, 
re', and large-signal, re’, AC emitter diode resistances are approximately: 


1 
fe = — and r= — 
a EE 2-7 


For a given BJT, the values of gm and Ом are different. For this reason, the 
values ofr,’ and гє’ are also different. 


In small-signal amplifiers, you can estimate г.’ without referring to the BJT's trans- 
conductance curve by using the formula г„' = 37mV/lg. Unfortunately, this formula 
is only valid for relatively small changes in Іс and Vcg. For large changes іп 
Іс and “се, some circuit designers estimate the value of re’ as shown in Figure 
5-11. Note that the changes in Іс and Усе are measured between the points 
corresponding to 10% and 190% of Ico. 


Ic (mA) 


1000 





Figure 5-11 


Estimating the large-signal, re’, AC emitter diode resistance from 
the BJT transconductance curve. 
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Example 5-3 


Estimate the value of rg! from the transconductance curve іп 
Figure 5-11. Also estimate the value of the large-signal trans- 
conductance, См. 


AVae = (Vee at 1.9lco) — (Vee at 0.1lco) 
AVe = 0.94V — 0.7V = 0.24V 


Large-Signal Parameters and Equations 


The equations for gains, input resistance, and output resistance developed in 
Units 3 and 4 were based upon small-signal BUT models. Therefore, these for- 
mulas are not directly applicable to power amplifiers, where the swings in cur- 
rent and voltage are quite large. For this reason, some circuit designers prefer 
graphical methods for the analysis and design of power amplifiers. 


Nevertheless, by employing large-signal BUT parameters in place of the small- 
signal BJT parameters, it is possible to convert the small-signal formulas to ap- 
proximate, but useful, large-signal formulas. 


The principle small-signal parameters discussed earlier included: hrs, г’, гь’, and 
rc'. The analogous large-signal parameters will be denoted by the following sym- 
bols: Nee, re’, гв’, and гс’. Let's briefly examine each large-signal parameter. 
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Nee — In a class A power amplifier, the maximum peak-to-peak value of the 
collector current is, approximately, 1.9lcq — 0.1lcq or 1.8lcq. For this 
reason, we will assume the large-signal value of hre corresponds to the 
value of hre at lc = 1.8lcq. 


Ге — As demonstrated previously, re’ is estimated from the BJT's transcon- 
ductance curve between lc = O.1lco, and Ic = 1.9ісо. Specifically, 
’ 1 AVee 


Ге — This is the large-signal base spreading resistance. For large values of 
Neere’ 
lg, the lgrg' voltage drop тау be neglected if гв’ < — . If rg' is 


significant, the effective voltage gain will be decreased. Frequently, 
values for rg’ are best determined experimentally. 


іс — In a typical power amplifier, гс’ is much larger than гі. Consequently, 
гсп = п. For this reason, rc’ can usually be neglected. 


Assuming гв’ and гс” are negligible, the small-signal formulas can be converted 
to approximate large-signal formulas by: 


1. Replacing ге” with re’. 


2. Replacing hy. with hfe. 
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Example 5-4 


The power amplifier in Figure 5-6 was partially analyzed in 
Example 5-1. Recall that Ico = 0.2A, and г. = 1250. Assuming 
гв” апа гс” are negligible, estimate the amplifier’s voltage gain 
and input resistance. 


For a comparable small-signal amplifier: 


=f 
Ay = = and Аң = RilRalhiere' 


, 
e 


Thus, the analogous large-signal equations are: 


Ay = — аға Rin = RulRalhrere' 


Values for the large-signal parameters, re’ and hee, are obtained as follows: 
Ico = 0.2A = 200mA 
0.1lcq = 0.1(200mA) = 20тА 
1.Әіса = 1.9(200тА) = 380mA 
Alc = 1.8leq = 1.8(200тА) = 360mA 
Referring to the transconductance curve in Figure 5-12A: 


AVae _ 0.82V - 0.68V _ љо 
АЕ 360mA En 


fg = 





From Figure 5-12B, we note that the value of hfe corresponding to 1.8lcq, 360тА, 
is 55. Thus: 


Rin = Rl[Rallheere' 
Rin = 2.38К0)|2500|55(0.390) 
Rin = 226.20|21.450 = 19.60 


Note that the input resistance of a class A, common-emitter, power amplifier 
is quite low. 
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380mA Б----------- 
отл Е ЕЕ 
20mA |--------- 
\ УВЕ 
а DNV 
—— 0. 76V 
0. 68V 


TRANSCONDUCTANCE CURVE 


zy Ic (mA) 





AP 


VERSES Ic CURVE 


E 


Figure 5-12 


Estimating the large-signal parameters, re’ and hfe, 
for Example 5-4. 
A. Transconductance curve. 
B. here versus іс curve. 
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CIRCUIT 


2 
Ы) 8% „0 Ge 
ігі 


AC EQUIVALENT CIRCUIT 


Figure 5-13 


Transformer-coupled, class A power amplifier. 
A. Circuit. 
B. AC equivalent circuit. 


Transformer Coupled Amplifier 


Class A power amplifiers can be transformer coupled, as shown in Figure 5-13A. 
The AC equivalent circuit is provided in Figure 5-13B. Here, note that the effective 
AC load resistance, г)”, equals the square of the transformer turns ratio times 
the actual load resistance, rL. 


The principle advantage of a transformer-coupled class A amplifier is increased 
efficiency. In fact, the theoretical maximum value of the collector efficiency of 
such an amplifier approaches 5096 — or double the value of a comparable RC 
coupled amplifier. The following example illustrates the analysis of a class A, 
transformer-coupled, power amplifier. 
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Figure 5-14 


Circuit for Example 5-5. 


Example 5-5 


For the circuit in Figure 5-14, calculate the collector efficiency, 
conversion efficiency, and power supplied to the 7500 load. 
Assume the transformer has a primary resistance of 3.52, and 
an efficiency of 69.5%. 


Begin by calculating the DC currents and voltages. 


12У(1000 
Vm eet ADU ле 
1000 + 1000 


Ve = Ve — Ме = 6V — 0.7V = 5.3У 


Ve 5.3V 
BOLE mace ЕУ cS] 
Е = RC ^ 2650 Ре 


The DC collector-to-ground voltage, Vc, equals the supply voltage minus the 
drop across the primary resistance of the transformer. Thus: 


Ve = Усс = IcRp 
Ve = 12V — 0.2A(3.50) = 11.3V 


Voce = Vc — Ve 
Voce = 11.3V — 5.3V = 6V 
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The DC current in the biasing resistors, R, and Rag, is: 


Ўсе 12V 
В, + В. 1000 + 1000 





ln, = = 0.06A 


Once the DC currents and voltages are known, you can compute the various 
powers as follows: 


Рос = Vcellca + !nj] 
Рос = 12V[0.2A + 0.06A] = 3.12W 


Poa = Vcealca 
Pog = 6V(0.2A) = 1.2W 


Recall that in a class A amplifier the maximum possible AC output power is 
one-half Ppo. Thus: 


Pog 12М 
Pag = —9 = — =0.6W 
AC 2 2 


Since the maximum possible AC output power is 0.6W and the DC input power 
is 3.12W, the collector efficiency is: 


Р 
т = 275100 
Рос 
0.6W 
qp cunt A Mg o2 
3.12W 


Similarly, since the transformer has an efficiency, тү, of 69.5%, the portion of 
the AC output power supplied to the load is: 


Pr. = wPac 
Р, = 69.5%(0.6W) (Eq. 5-14) 
P,, = 0.417W 


Thus, the conversion efficiency, 1’ is: 


Pr 
' 2 —* x 100 
т\ Pon 


0.417W 
n = ———— х 100 = 13.4% 
3.12W 


Comparing the results of Example 5-5 with those obtained in Example 5-1, we 
note that the transformer-coupled design has a significantly larger conversion 
efficiency. Disadvantages of the transformer-coupled design include the size, cost, 
and bulk of the transformer. In addition, the frequency response of the amplifier 
is limited by the frequency characteristics of the transformer. 
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Designing Class A Power Amplifiers 


Class A power amplifiers are frequently designed so that the transistor operates 
near the limits of its capabilities. To ensure that these limits are not exceeded, 
the transistor selected for the design must satisfy the following conditions: 


1. Рго < Pomax. As a guide, Poo should not exceed approximately 
80% to 90% of Рг(мах). 

2. 21са < Ісмах). То satisfy this condition, Ica should not exceed 
45% of ІС(МАХ)- 

3. 2Vcea < Мсемлх). You can satisfy this condition by making sure 
Усға does not exceed 45% of Vcg(wAx). 


For ambient temperatures higher than 25°C, Ppimax) should be derated as per 
the manufacturer's instructions. Most data sheets for power transistors provide 
derating curves and/or formulas for this purpose. In high temperature environ- 
ments, heat sinks and/or cooling fans may be required to remove excessive heat. 


The following design guides and examples should help you in designing elemen- 
tary class A power amplifiers. 
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RC COUPLED CLASS A POWER AMPLIFIER 


Vec 


Calculate Vceo Усға = V 2PR R. 
Calculate Pog Ppa = 80 12 times Pa. 


Calculate Ico 


Calculate r, 


Rr. 
Ri - r. 


Calculate Rc Re = 


Calculate Vea Vea = Vc - ПсоВс + Ус=о) 
Veo 
Calculate Re Re = res 
со 


Calculate R; R2 <10Re 
R2 [Vcc — Veal 


Calculate В, А; = i= 


Select transistor, calculate resistor wattages. 


Select capacitors 





Se ee ere Se epee Sewer j. ма xin u y тыш: ыы уу ОЛІ! 
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TRANSFORMER COUPLED CLASS A POWER AMPLIFIER 


Усс 


Calculate Pac 


Calculate Poo 


Select lca log = 0.1A to 1A 
P 


DQ 
Calculate Vcea Vcea = rm 
со 


Calculate rų 


М, 
Calculate — 
№ 


Calculate Vea 


Calculate Re 


Select R; R2 < 10RE 


RalVcc - Veal 
Calculate R; В, = _RolVcc Bal 


Select transistor, calculate resistor wattages. 


Select capacitors 
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Example 5-6 


Design an RC coupled class A amplifier to supply 0.417W to 
a 7500 load. Assume Vcc = 60V, and f, = 500Hz. 


The following steps correspond to those in the design guide. 
1. Vceo = У?2РАН, = V 2(0.417W)(7500) = 25V 


2. Pog = 12Рд = 12(0.417W) = 5W 





Pog 5W 
RISE 
4 M 4 | 1250 
ERAS" T ИСО 
R 7500(1250 
олына ere Ы қаны. ЫЗ 


Ri — r. 7500 — 1250 


6. Vea = “сс - ПсаНВс + Vcec] 
Vea = 60V - [0.2A(1500) + 25V] 
Vea = 60V — 55V = 5V 


8. Select Re = 10Re = 10(250) = 2500 


Ra[Vcc — Veal 


9. R= 
1 Ven 


Since Уға = 5V, Vao = 5V + 0.7V or 5.7V. Thus: 


2500(60V - 5.7V 
А; = Е Аай = 2.38k0, 
5.7V 


10. Assuming Pog is 80% of Pomax) 
Ppa 
Poma 2 ста 


Бүү 
Ромах) > op 26.25W 
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Similarly, assuming Ica апа “сес at 40% of Ісмах) and Усе(мах) 
respectively: 


Ica 


| 5 == 
OA 


.2А 
|c(MAX > Ex > 0.5А 


Vcea 
0.4 





VcE(MAX > 





VcE(MAX > > 62.5V 


Thus, the transistor selected for the design should have the follow- 
ing maximum ratings: 


Ргмах 2 6.25W 


Voemax >62.5У 


You сап compute the power dissipated by various resistors as 
follows: 


Pr, = (22.8mA)*(2.38kQ) = 1.24W 
Pa, = (22.8тА)2(2500) = 0.13W 


ің. = ің, = Ica = 0.2A 


Pr. = (0.2A)2(4500) = 6W 
Pa, = (0.2A)2(250) = 1W 


11. Once the transistor has been selected, you can estimate re’, hee, 
and Rin as shown in Example 5-4. Assuming Rin = 19.60, the 
minimum capacitor values are: 


3.18 3.18 
Се шын E eer ins 
12 "uRw — 500(19.60) Б 


al 3.18 
Сә = LN 2 = ----------- = 8.БһҒ 
HR. 500(7500) 


; 18 
SU ect 254.4ҺҒ 
f,Re 500(250) 


Cs 
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Example 5-7 


Design a transformer-coupled class A amplifier to supply 
0.417W to a 7500 load. Assume Vcc = 12Vandf, = 500Hz. 


Following the steps in the design guide, you proceed as follows: 


For this example, we will assume the transformer has an efficiency 
of 69.5% and a primary resistance of 3.50. Thus: 





2. Pog = 2Pac = 2(0.6W) = 1.2W 


3. As a guide, for relatively small class A power amplifiers we will 
select Ісо to be between 0.1A and 1A somewhat arbitrarily. Then 
we select Ica = 0.2A. 


4. v = —— =6V 
SE UE 0.2A 
V 6V 
5. қ. Se = 300 
Іса — 02A 


6. Іп order to “match” the 7500 load resistance to the 300 AC load 
resistance seen by the transistor, the required turns ratio is: 


ay oe SU жет ae 
В, 7500 i | 


М 0.2 
Thus, = pret , Which is equivalent to a 1:5 turns ratio. 


7. Veq = Vcc - [lcaRe + Уска! 
Vea = 12V — [0.2A(3.50) + 6V] 
Vea = 12V - 6.7V = 5.3V 


9. Ro < 10Re. A 1000 resistor would be acceptable. Thus, Ro = 
1000. 


rari] 589 


Н[Усс - Veal 


Уво 


10. R4 = 


Since Vea = 5.3V, Vag = 5.3V + 0.7V = 6V. Thus, 


1000[12V — 6V] 


R, = 
1 6V 


= 1000 


11. Using the same guidelines provided earlier: 


The powers dissipated by the various resistors are obtained as 
before. Specifically: 


ey aes a ee 12У = 0.06A 
" ^ RL ERS | d0O0X4900—. —-. 


Pr, = (0.06А)2(1000) = 0.36W = Pa, 
ің, = Ico = 0.2А 
Pa, = (0.2A)*(26.50) = 1.06W 
12. To calculate Rin, you would first estimate the values of re’ and 


hee from the transistor's data sheet. Assuming Rin = 250, the 
minimum capacitor values are: 


3.18 3.18 
e= cci с с шр dE 
Rin 500(252) 
3.18 
Ge E AOI 


fiRe 500(26.50) 
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Self-Test Review 

1. The large-signal value of hfg is measured at Ib = _ Ico. 

2. To obtain re’, AVge and Alc are measured between іс = ———_— Іса 
and Io ----------ісо. 

3. A transconductance curve is a plot of output ______________ versus 
input — 

4. Conversion efficiencyis. . . . than the collector efficiency. 


(larger/smaller) 


5. A transformer coupled class A amplifier is — 
an RC Coupled class A amplifier. (тогөЛезз) 


—— — efficient than 








40V 







Р 
R. 0.75W 


fi 1K HZ 


2 
Xp e——o Vo 


2 R e R +1500 


Figure 5-15 
Circuit for Self-Test Review questions 6 to 15. 
Refer to Figure 5-15 for questions 6 to 15. 
6. Vceo should equal  —. . V. 
Th The quiescent power dissipated by the transistor is _.____W.. 


8. Rc should equal approximately — Q. 
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9. Re should equal approximately ___ 1. Q. 
10. IfRa = 1009, R; should equal ——— 0. 


11. Assuming 20% derating factors, the maximum transistor ratings should 
equal or exceed the following values: 


Рима) = = = —W. 
lc(MAX) = —— A. 
VCE(MAX) = —— V. 


12. Тһе collector efficiency is approximately ___ %. 





13. The conversion efficiency is approximately — % 


14. Assuming AVge obtained from the transistor's transconductance curve is 
0.5V, ге! is approximately 0. 


15. Assuming hfe at Іс = 1.08A equals 80, the minimum value of С, is 
= == SP, 
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Answers 


1.8lco . — 11.670 
0.1, and 1.9 . 419.50 
current, voltage . 11.25W, 1.5А, 37.5V 
smaller . 18.75% 
more . 3.125% 
15V . 0.4630, 


QW . 125.2uF 





The solutions to questions 6 through 15 follow. 
6. Vceq = V2PRRL = V 2(0.75W)(1500) = 15V 
7. Pog = 12Рд = 12(0.75W) = 9W 


8. First calculate Ica and п. 


ka = ven 5 „06А 
SM , RUN MV 
V. 15V 
fie ee N esp 
les 0.6A 
В Rir. 
Since Rc = ————- you have: 
Ны. 
1500(250) 
Во = —————— = 300 
1500 – 250 
9. Vea = Vcc - [lcoRc + Уса! 


Vea = 40V - [0.6A(300) + 15V] 
Уға = 40V - 33V = 7V 


Re= — =—— = 11.670 
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10. Since Veg = 7V, Vao = 7V + 0.7V = 7.7V. 


RelVec - Veg] — 1000040V — 7.7V] 








5 ag а P MOT 
А Vac 7.7V 
P QW 
11.” aaa > 95 2-2 21125 
| 0.6A 
Їсмдх) > тті 7947 >1.5A 
Veeq | 15V 
Усе(мах) > Ze > (e > 37.5% 
Vcea 
12. = x 100 = x 100 = 18.75% 
d Ven 2(40V) E 
n 18.75%(250 
Іі: 1-15 as 
RL 1500 


AVpE E AVBe 


14. re’ = 
Ас 1.8lca 





Since AVgg = 0.5V and Ica = 0.6A, 


.5V 
pue шуны 
1.8(0.6A) 


15. Since re’ = 0.4630 and hee = 80, the input resistance looking into the 
base is: 


RiN(BASE) = heere' = 80(0.4630) = 37.040, 
Thus, the total input resistance is: 


Rin = RillRallRincease) 
Rin = 419.50][10001[37.040. 
Rin = 80.750/[37.040 = 25.40 


Hence, the minimum value of С, is: 


бс з Apes ES 
fA 1K(25.40) 
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DISTORTION, CLASS B, CLASS AB, 
AND CLASS C AMPLIFIERS 


Distortion is present in an amplifier whenever the output signal is not a faithful 
reproduction of the input signal. In this section, we will discuss nonlinear distortion 
and crossover distortion. 


- In addition, we will discuss the characteristics of class B, class AB, and class 
C power amplifiers. Due to its simplicity and popularity, the class AB complemen- 
tary-symmetry amplifier will be discussed in detail. 
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Nonlinear Distortion 


An amplifier exhibits nonlinear distortion whenever the shape of the output 
signal differs from the shape of the input signal. Due to the nonlinear characteris- 
tics of the amplifying device, some nonlinear distortion is present in all classes 
of amplifiers. 


The nonlinear characteristics inherent in a transistor are illustrated by the transis- 
tor's transconductance curve shown in Figure 5-16. Note that the nonlinear re- 
gions are most pronounced at the lower and upper ends of the curve. For this 
reason, nonlinear distortion is most evident for large signal swings іп Іс and Vee. 


NONLINEAR 
REGIONS 





Figure 5-16 


Nonlinear regions on a BJT's transconductance curve. 
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MINIMUM 
DISTORTION 


CQ 


220.1 Ісо 


LIMITING THE SIGNAL SWINGS 


CONSIDERABLE 
= DISTORTION 


CQ 


> ye — — — — — — — өне — «е = 


EXCESSIVE SIGNAL SWINGS 


Figure 5-17 


Nonlinear distortion in a class A amplifier. 
A. Limiting the signal swings. 
B. Excessive signal swings. 
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This concept is illustrated in Figure 5-17. In a class A amplifier, nonlinear distortion 
is minimized by limiting the peak input voltage as shown in Figure 5-17A. In 
this case, the instantaneous operating points Q4 and О» correspond approximately 
to collector current values of 0.1lcq and 1.9lcq respectively. This restricts the 
signal swings to the most linear region of the curve. Because of this, the AC 
collector current and AC output voltage have essentially the same shape as the 
AC input voltage. 


If the AC input voltage is excessively large, the signal swings extend into the 
nonlinear portions of the curve, as shown in Figure 5-17B. In this case, both 
the AC collector current and AC output voltage will be distorted. 


The disadvantage of limiting the signal swings, as in Figure 5-174, is that the 
maximum possible AC output power is reduced. Therefore, the actual limits im- 
posed upon the signal swings represent a power/distortion trade-off. 


Describing Nonlinear Distortion 


A complex wave is one that is periodic, and not sinusoidal. For this reason, 
a distorted sine wave represents a complex wave. Fourier's theorem states that 
complex waves can be described by the sum of a constant value and a harmonic 
series of sinusoids. Stated mathematically: 


v(t) = Vo + V4 cos ot + Va cos 2ot + .... Vn cos not (Eq. 5-15) 


Where: v(t) = Equation of the complex wave, 
V4, Vo, ... V, = peak values of the various harmonic components. 
Vo — Average DC value of the complex wave. 


Viewed in this manner, the output waveform in Figure 5-17B is distorted because 
the nonlinear characteristics of the transistor introduce frequency components 
in the output waveform that are not present in the input waveform. Naturally, 
the amount of nonlinear, or harmonic, distortion depends upon the relative 
amplitudes of the various harmonic components. Stated mathematically: 


V2 


Do = 








x 100 (Еа. 5-16) 


1 





x 100 (Ед. 5-17) 


V 
о. = |$ 


1 





х 100 (Eq. 5-18) 
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Where D>, Ds, Dn represent the percent harmonic distortion of the various compo- 
nents. 


You can measure the amplitudes of the harmonic components with an instrument 
called a spectrum analyzer. Physically, a spectrum analyzer resembles an oscil- 
loscope. However, rather than plotting the measured waveform versus time, the 
display of a spectrum analyzer appears as shown in Figure 5-18. Here, the “fre- 
quency spectrum” of the measured waveform tells you at a glance what frequen- 
cies are contained in the waveform, and the amplitude of each harmonic compo- 





nent. 
v 
AN 
VI 
V2 
УЗ 
V4 v5 
0 f 2f 3f 4f 5f 
Figure 5-18 
Frequency spectrum of a complex wave. 
Example 5-8 


A 1kHz sinusoid is amplified by a power amplifier as shown 
in Figure 5-19A. The output voltage is an amplified, but dis- 
torted, version of the input voltage. 


To determine the amount of harmonic distortion, the output 
voltage is measured with a spectrum analyzer. The resulting 
frequency spectrum is shown in Figure 5-19B. Based on this 
information, calculate the percent of second, third, and fourth 
harmonic distortion contained in the output voltages. 


The frequency of the input signal is termed the fundamental frequency. If no 
harmonic distortion is present in the output signal, the only frequency component 
in the output signal will be the fundamental frequency, or 1kHz in this example. 
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CLASS A POWER 
AMPLIFIER 






SINUSOIDAL INPUT DISTORTED OUTPUT 


f=1kHZ f=1kHZ 
CIRCUIT 


= 


19V 





2V 
IV о. ду 
=! fas НКН2) 
0 1 ыз = 


FREQUENCY SPECTRUM 


Figure 5-19 


Circuit and frequency spectrum for Example 5-8. 
A. Circuit. 
B. Frequency spectrum. 


Figure 5-19B indicates that, in addition to the 1kHz fundamental component, the 
output signal contains 2kHz, 3kHz, and 4kHz harmonic components. The ratio 
of each harmonic component to the fundamental component determines the 
amount of harmonic distortion. Specifically: 


2 


D2 = Ë x 100 = x 100 = 10.5% 

















1 19V 
D, = = = x 100 = 5.3% 
1 
V4 0.4V 
D4 = |<] x 100 = x 100 = 2.1% 
š Б 19V 4 





Thus, the output voltage contains 10.5% second harmonic distortion, 5.3% third 
harmonic distortion, and 2.1% fourth harmonic distortion. Generally speaking, 
the second harmonic distortion is the major contributor to the total harmonic distor- 
tion. 
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Total Harmonic Distortion 


Total harmonic distortion is defined as follows: 
От = VD + Рз?...О°  (Eq.5-19) 


In example 5-8, we found D> = 10.5%, Оз = 5.3%, and 04 = 2.1%. Assuming 
the fifth and higher order harmonics are negligible, the total harmonic distortion 
in Example 5-8 is: 


От = V 022 + D + D? 
D+ = V (10.5)? + (5.3)? + (2.1)? 


От = V 110.25 + 28.09 + 4.41 = V 142.75 = 11.95% 


As you can see, the total harmonic distortion, 11.95%, is approximately equal 
to the amount of second harmonic distortion, 10.5%. In practice, instruments 
called distortion analyzers are used to measure the total harmonic distortion 
of a signal waveform. 


Three-Point Analysis 


Assuming a significant amount of second harmonic distortion, the collector voltage 
in a large-signal amplifier typically appears as shown in Figure 5-20A. Here, note 
that one-half of the waveform is peaked, while the other half appears rounded. 


If the third and higher order harmonic components are negligible, you can estimate 
the degree of harmonic distortion as follows: 


1. Record the values of voltage corresponding to points 1, 2, and 
3 as shown in Figure 5-20B. 

2. Calculate the peak value of the fundamental, V;, and second, Vs, 
harmonic components from the following formulas. 


vee V 
ү; = — а (Eq. 5-20) 


Vict VERSA, 
Vo = “== 9 (Ед. 5-21) 


3. Use Equation 5-16, D; = x 100, to determine the amount 





2 
Vi 





of second harmonic distortion. 





vett) 


COLLECTOR VOLTAGE 


Ve 





1 
I 
I 
| 
in 3T 


4 4 
(909) (2709) 


POINTS FOR THREE-POINT ANALYSIS 


Figure 5-20 


Three-point distortion analysis. 
A. Collector voltage. 
B. Points for three-point analysis. 


Power Amplifiers | 5-51 


5-52 | UNIT FIVE 


t(ms) 





Figure 5-21 


Waveform for Example 5-9. 
Example 5-9 


Estimate the degree of second harmonic distortion for the 
waveform in Figure 5-21. 


Since f = 1kHz: 


Therefore, i = 0.25ms and = = 0.75ms 


In Figure 5-21 note that: 


Ve = 5V— measured att = 0 


T 
Vmax = 11V — measured att = x = 0.25ms 


3T 
Ммм = 1V — measured att = өтеді 0.75ms 
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Thus: 
Vuo V 11V — 1V 
M imr аА peak 
2 2 
Уос Vus —2V 11У 1V -2 
Mou SM Viae eei Sele) = Das V peak 
4 4 
Də = |—| x 100 
2 V. 
0.25V 
D-| — | < 100 5% 





To obtain accurate values of the harmonic distortion content of a waveform, a 
spectrum, or distortion, analyzer is required. Since these instruments are expen- 
sive, the simple three-point method is especially useful for estimating the harmonic 
content of a waveform when approximate values are adequate. 


The amount of harmonic distortion that is tolerable depends upon the application. 
In audio systems, for example, the total harmonic distortion is usually limited 
to from 1 to 5 percent. High-fidelity systems normally have a total harmonic distor- 
tion content that is considerably less than 1 percent. 
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Class B Amplifiers 


The principle disadvantage of a class A amplifier is its inherent low efficiency. 
Recall that the quiescent power dissipated by the transistor in a class A amplifier 
is twice the maximum possible AC output power. 


A transistor in a class B amplifier is biased at cutoff. Consequently, under ideal 
conditions, the quiescent power dissipated by the transistor is zero. For this 
reason, the conversion efficiency of a class B amplifier is considerably higher 
than a comparable class A amplifier. The theoretical maximum value of the con- 
version efficiency for a class B amplifier is 78.5%. 


Remember, a single transistor biased for class B operation can only amplify one- 
half of the AC input voltage. In this case, the output voltage is severely distorted. 
Obviously, applications for a single transistor class B amplifier are quite limited. 


The Push-Pull Amplifier 


In order to approach the low distortion of a class A amplifier, coupled with the 
high efficiency of a class B amplifier, a two transistor circuit called a push-pull 
amplifier was developed. 


AC CURRENT 
CONTRIBUTED 
V BY T] 


AC AC 
INPUT Ay — э DA. OUTPUT 
VOLTAGE | VOLTAGE 


AC CURRENT 
CONTRIBUTED 
ВУ ir! 





Figure 5-22 


Simplified push-pull amplifier. 
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A simplified push-pull arrangement is illustrated in Figure 5-22. Here, note that 
the circuit consists of three sections — a signal inverter, followed by two transis- 
tors connected in a push-pull configuration, and a center-tapped output trans- 
former. Briefly, the operation of the circuit in Figure 5-22 may be described as 
follows: 


1. The AC input voltage drives the signal inverter. The function of 
the signal inverter is to provide two complementary output voltages. 
This means that each output voltage has the same amplitude and 
frequency, but they are 180? out of phase with respect to each 
other. Frequently, a center-tapped transformer is employed as the 
signal inverter. 


2. Each output of the signal inverter is used to drive one of the two 
push-pull transistors. In Figure 5-22, each transistor is biased at 
cutoff by the DC supply voltage, V. 


3. During the positive half-cycle of the AC input voltage, the signal 
on the base of T, is going positive and the signal on the base 
of T2 is going negative. This causes T, to conduct while T2 remains 
cut off. When T4 conducts, current г flows through the L, section 
of the transformer. This induces a voltage in the secondary of the 
transformer, which appears across RL. 


4. During the negative half-cycle of the AC input voltage, the action 
described іп step 3 is reversed. Thus, T2 conducts and Т; remains 
cut off. In this case, current (> flows through the L; section of the 
transformer. As shown in Figure 5-22, the currents (4 and (2 flow 
through L, and L. respectively in opposite directions. For this 
reason, the polarity of the output voltage is positive on one half- 
cycle and negative on the other half-cycle. In effect, each transistor 
supplies one half of the AC output voltage. 
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A practical version of a class B push-pull amplifier is illustrated in Figure 5-23. 
Here, the center-tapped input transformer functions as a signal inverter. The bias 
voltages for the transistors are provided by the voltage divider consisting of R, 
and Ro. For class B operation, Rə would be small compared to R4. 





Figure 5-23 


Class B push-pull power amplifier. 
Harmonic Distortion In The Push-Pull Amplifier 


Assuming perfectly matched components, a Fourier analysis of the waveforms 
in a class B push-pull amplifier indicates that all even harmonic components 
in the AC output voltage cancel. Ideally, the third-harmonic component is the 
principle source of nonlinear distortion in a push-pull amplifier. 


In practice, components are rarely “perfectly matched”. For this reason, some 
second-harmonic distortion is usually present in the output of a class B push-pull 
amplifier. 
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Crossover Distortion 


A significant disadvantage of class B operation in a push-pull amplifier is the 
resulting crossover distortion illustrated in Figure 5-24. 


DEAD ZONES 
(t) 


Figure 5-24 


Crossover distortion. 


Since the transistors in a push-pull class B amplifier are biased at cutoff, the 
signals driving the base of each transistor must exceed approximately 0.7V before 
the transistors can conduct. Consequently, when the signals driving the base 
of the transistors are less than 0.7V, the AC output voltage is OV, as shown 
in Figure 5-24. 


Since the “dead zone” regions occur between the time one transistor shuts off 
and the other transistor turns on, the resulting distortion is referred to as crossover 
distortion. To minimize crossover distortion, the transistors are biased for class 
AB operation rather than class B operation. In effect, each transistor is biased 
so that Vee is approximately 0.7У. In this way, the AC output voltage changes 
as soon as the AC base voltage changes. 
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Class AB Complementary-Symmetry Amplifiers 


The class B push-pull amplifier in Figure 5-23 represents the transistor counterpart 
of a circuit originally designed with vacuum tubes. In a general sense, vacuum 
tubes are analogous to NPN transistors. There is no vacuum tube counterpart 
of a PNP transistor. 


By employing complementary NPN and PNP transistors, it is possible to design 
transformerless class AB power amplifiers. This is significant, since the cost, 
bulk, and frequency limitations of the transformers are eliminated! In addition, 
the design process is simplified. This is obviously desirable. For these reasons, 
class AB complementary-symmetry amplifiers are often the preferred choice for 
those applications requiring moderate or large amounts of AC output power. 
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Single Supply Circuit 





Figure 5-25 


Class AB complementary-symmetry amplifier. 
A very popular push-pull, class AB circuit employing complementary output tran- 
sistors is illustrated in Figure 5-25. Note that: 
Vee, = Vp, + Vp, - Vee, 
Since Vp, = Vse, we have: 
Vee,~Vp, (Еа.5-22) 
Similarly: 
Vee, = — Vp, - Vo, + Vae, 
Since Vp, = Ме: 
Vee,~—Vp, (Ед. 5-23) 


Equation 5-22 and Equation 5-23 indicate that the bias voltages for the transistors 
are provided by the two forward-biased diodes. 
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Neglecting the relatively small base currents, it is apparent that the current, |, 
flowing through В, R2, D4, and D> is the same current. Specifically: 


T Vee — (Мо, + Мо, 
z R4 + Re 
Assuming D, and О» are silicon diodes, and that Vcc >> 0.7V, lis closely approxi- 
mated by: 
Voc — 1.4V 


| = ———c Eq. 5-24 
R, + Re (Eq ) 


Figure 5-26 illustrates an important concept. In Figure 5-26A we have assumed 
that when the voltage across D; is 0.72V, the current through D, is 10mA. Assum- 
ing the transconductance curve of T, “matches” the IV curve of D4, the collector 
current in T, also equals 10mA. This is the case because, from Equation 5-22, 
we know that Уве is essentially equal to Мо. 





TRANSCONDUCTANCE CURVE FOR 
TRANSISTOR ТІ 


IV CURVE FOR DIODE D 


1 


Figure 5-26 


An example of a matched diode IV curve and BJT 
transconductance curve. 
A. IV curve for diode D,. 
B. Transconductance curve for transistor T+. 
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By a similar argument, Іс, must equal Ip, if the IV curve for D2 is a close match 
to the transconductance curve of To. 


For these reasons, assuming the diodes and transistors in Figure 5-25 are closely 
matched, it is apparent that: 


lc, = 1с,=1 (Ед. 5-25) 


In a class AB amplifier, the value of | is small compared to the maximum possible 
peak collector current. The purpose of | is to provide a slight forward bias, through 
О; and 02, for T, and Тә. In this way, crossover distortion is minimized. 


Since T, and Т are effectively connected in series, and have similar characteris- 
tics, the DC collector-to-emitter voltages essentially equal one-half the supply 
voltage. Thus: 


V 
[Усе | = [Vce,| = = (Eq. 5-26) 


By a combination of inspection, looking, and appropriate loop equations, the fol- 
lowing DC formulas may be obtained. 


у 
Ve, = Voc – IR, = a - 07V (Eq. 5-27) 


V 
Ve, = Ve, = x (Eq. 5-28) 
Vc, = Vcc (Eq. 5-29) 
Va, = IR; (Eq. 5-30) 


Vc, = 0 (Eq. 5-31) 
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20V 
° 


10Q 





Figure 5-27 


Circuit for Example 5-10. 


Example 5-10 


Estimate the collector currrents and collector-to-emitter volt- 
ages for the transistors in Figure 5-27. Also calculate the quies- 
cent power dissipated by each transistor. 





Weel AVE а OWS AN 18.6V _ E 
R; + Re 1860 + 1860 3720 
Thus: 
lc, = lc, = 5БОтА 
Similarly: 
IVcel = |Vcg,] = =e = шу = 10V 


Therefore, the quiescent power dissipated by each transistor is: 


Ppa = Vcealca 
Poa = 10V(50mA) = 0.5W 
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AC EQUIVALENT CIRCUIT 





EQUIVALENT CIRCUIT DURING THE POSITIVE 
HALF-CYCLE OF THE AC INPUT VOLTAGE. 


Figure 5-28 


Equivalent circuits for the complementary-symmetry amplifier 
in Figure 5-25. 
A. AC equivalent circuit. 
B. Equivalent circuit during the positive half-cycle of the AC input 
voltage. 


AC Analysis 


By reducing the DC source to zero and replacing the coupling capacitors with 
short circuits, in Figure 5-25, you obtain the AC equivalent circuit in Figure 5-28. 


Remember, оп the positive half-cycle of the AC input voltage, that T, conducts 
and To is cut off. Therefore, Tə сап be removed from the circuit as shown іп 
Figure 5-28B. Since T, is an NPN transistor and Т» is a PNP transistor, the 
circuit action is complementary" during the negative half-cycle of the AC input 
voltage. Thus, the equivalent circuit during the negative half-cycle appears as 
shown in Figure 5-28B, with T; being replaced by To. 


5-64 | UNIT FIVE 


The complementary nature of the circuit simplifies the AC analysis, since you 
need only analyze the circuit action during one half-cycle! The equivalent circuit 
in Figure 5-28B should look familiar. Specifically, Figure 5-28B is essentially the 
same as the emitter-follower AC equivalent circuit, Figure 4-15A, discussed 
in Unit 4! For this reason, you can convert the small-signal equations derived 
in Unit 4 into their approximate large-signal counterparts by replacing fe’ with 
re’ and һе with hee. For example: 


rai! (Eq. 5-32) 
TE В, + re’ g 


In Figure 5-28, note that the AC load resistance is R,. This is why we used 
Н, rather than г, in Equation 5-32. Also since Н,, typically, is large compared 
tore’, Ay = 1. 


Additional useful formulas include: 


A; = hfe (Eq. 5-33) 


heeR 
Ap = AAy = —— (Eq. 5-34) 
R. + fe 


Rin = ВІА ҺЕ (А, + ге?) (Eq. 5-35) 
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Class B and Class AB Power Formulas 


When we discussed the AC load line of an emitter-follower in Unit 4 we found: 


Vcea 





ісе) = lca + т 
L 


VCE(cu) = Vcea + Ісай 


For class B operation, Ica equals zero. Similarly, for class AB operation, Ica 
is small compared to the value of íc(say. Also recall that each complementary 


T Усс 
emitter-follower іп Figure 5-25 has Vcea = E^ and r, = R. For these reasons, 
the values of ёс(за) and vce(cur аге: 


Vcea _ Vcc 


? = — = — Eq. 5-36 
CC(sat) tL OR. (Eq ) 


V 
VCE(cu) = VcEQ = EN (Eq. 5-37) 
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MAXIMUM SIGNAL SWING 


Figure 5-29 


AC load lines for a class B and class AB push-pull complementary 
symmetry amplifier. 
A. AC load line. 
B. Maximum signal swing. 
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Figure 5-29A illustrates the resulting AC load line. Here, the Q point for class 
AB operation is very close to the Q point for class B operation. For this reason, 
the equations that apply to class B operation are reasonable approximations for 
class AB operation. 


Figure 5-29B illustrates the maximum possible signal swings for each transistor 
in the class B push-pull amplifier. The maximum possible AC output power is: 


у 
Pac = Рн = (0.707Усєс)(0.707 — ) 


(Vocea)? 
Pac = ——ə— Eq. 5-38 
AC 2R. (Eq ) 


V 
Substituting Vcgg = = into Equation 5-38 yields: 


(Vec)? 
8А, 





Pac = (Eq. 5-39) 


In а class В amplifier, the power dissipated by each transistor increases when 
an AC signal is applied to the input terminals of the amplifier. With calculus, 
it is possible to prove that the worst case power dissipated by each transistor 
is: 


(Voa)? (Voc)? 
Pp = ————— = (Eq. 5-40) 
10R. 40R. 





The ratio of the maximum power dissipated by each transistor to the maximum 
possible AC load power is obtained by dividing Equation 5-40 by Equation 5-39. 
Thus: 








(Vec)? 
Pac (Vcc)? 5 
8R. 
Therefore: 
Pac 
Poman = de (Eq. 5-41) 


The significance of Equation 5-41 is best illustrated by an example. 
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Example 5-11 


What power ratings are required for the transistor in a push- 
pull class B amplifier in order to supply 10W of AC output 
power? What power rating would be required for a comparable 


class A amplifier? 


For the class B push-pull amplifier, each transistor must be able to dissipate 
one fifth of the AC output power. Thus: 


Pac 10W 
Pp(MAX) > pm > EC > 2W 


Recall that in a class A amplifier the worst case power dissipation occurs under 
quiescent conditions. In addition, Poa is double the maximum possible AC output 


power. Thus: 


Powax) > 2Pac > 2(10W) > 20W 


Obviously, lower power transistors can be employed in the class B design as 
opposed to the class A design! 
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Example 5-12 


The circuit in Figure 5-27 was partially analyzed in Example 
5-10. Work out values for: 


C(sat) 

The maximum possible AC output power. 

The required power ratings for Т, and Т». 

The voltage gain. 

The input resistance as seen by the signal source. 


ICE TS 


Assume Век = 20 and rr,’ = 0.40. 











А. deem = ов, — 20100) ^ 
В. Р (Vcc)? 2 (20V)? m 
8R. 8(100) 
2 2 


40RL 40(100) 


Note that Рг(мах) equals one-fifth the maximum possible AC output power. 
Each transistor should have a Рг(мах) rating of at least 1W. 


D A= P. oe wo = 0.961 
; TT UA dnd 100-040 | 


E. Rin = RillRallhre(Ri + re’) 
Rin = 1860|1860]20(100 + 0.40) 
Rin = 9302080 = 64.30 


5-70 | UNIT FIVE 


Dual Supply Circuit 


In those systems where both positive and negative supply voltages are employed, 
the circuit shown in Figure 5-30A is commonly used. Notice that the circuit does 
not require an output coupling capacitor. This is because the DC emitter-to- 
ground voltages in Figure 5-30A, ideally, equal zero. 


The AC load line for the dual supply circuit is provided in Figure 5-30B. You 
will notice that Vceq equals Vcc, not Усс/2. For this reason, you have to modify 
some of the equations derived for the single supply circuit in order to apply them 
to the dual supply circuit. 





i C 
"C (sat) SE 
L 





Veeg = Усс 
AC LOAD LINE 


Figure 5-30 
A dual-supply class AB complementary-symmetry amplifier. 


A. Circuit. 
B. AC load line. 
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Appropriate formulas for both the single supply and dual supply circuits are pro- 
vided in Table 5-2. 


Single Supply Dual Supply 


Vec — ТАМ 2Vcc – 1.4V 
R; ар R2 R. + Re 









Va. yum 0.7V 





муат т 


XII + re — ШЕ re’ 


= Nee: Ap = А;Ау А; = Nee, Ap = A,A; 
Rin = R.|R;Ih==(R. + re’) Rin = Ry llRallhee(RL + re’) 
Wee)? 
BRL 
















TABLE 5-2 


Summary of approximate formulas for the single and dual supply, 
complementary-symmetry push-pull class AB amplifiers. 


5-72 | UNIT FIVE 


Darlington Pairs 


The class AB amplifiers discussed previously consisted of two complementary 
emitter-followers. In order to increase the amplifier’s input resistance and de- 
crease the amplifier's output resistance, Darlington pair packages can be employ- 
ed as shown in Figure 5-31. 


Counting the base-emitter junctions in Figure 5-31 between point 1 and point 
2, you find there are four; the junctions in T4, T2, Ts, and Tu. For this reason, 
four diodes must be connected between points 1 and 2 in order to properly bias 
the transistors. 


The Pp(uax ratings of Tə and Ts should at least equal one-fifth the maximum 
possible AC output power. Since Т; and Т, provide the input signals for Tz and 
Ts, the power ratings required for T;, and T4 are considerably lower than those 
required for Тг and Ts. As a guide, T, and Т, should have a Pomax rating at 
least equal to: 


Pac 
Pp(MAX) = hes. (Eq. 5-42) 


Where hee is the large-signal current gain of T> and Тз. 





Figure 5-31 


Complementary-symmetry amplifier with Darlington-pair packages 
Tı, To and Ts, T4. 
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Quasi-Complementary Amplifiers 


For power dissipations greater than approximately 10W, the availability of suitable 
complementary transistors is quite limited. Moreoever, high power PNP transistors 
generally cost more than their NPN counterparts. 


In an attempt to manufacture inexpensive high power PNP transistors, the com- 
pound configuration illustrated in Figure 5-32A was developed. Here, a negative- 
going signal on the base of T4, produces a positive going signal at the collector 
of T,. Since the collector of Т, is connected to the base of To, the signal at 
the collector of Tə swings negative. The action just described indicates that the 
compound configuration in Figure 5-32A acts like a single PNP transistor. As 
was the case with the Darlington packages discussed earlier, the effective hee 
ofthe compound package approximately equals hre,hre . 


Figure 5-32B illustrates how an equivalent NPN transistor can be obtained with 
a suitable compound package. In practice, this configuration is rarely used due 
to the fact that a high power PNP transistor, T4, is required in the output stage. 


PNP 


NPN 





NPN BJT DRIVING A PNP BJT 


Figure 5-32 


Compound BJT configurations. 
A. PNP BJT driving an NPN BUT. 
B. NPN BJT driving a PNP BUT. 
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Figure 5-33 


An example of a quasi-complementary-symmetry amplifier. Here, 
T+, T2 form an NPN Darlington package while Ts, T4 constitute 
a PNP compound package. 


A popular quasi-complementary-symmetry amplifier is illustrated in Figure 
5-33. Compared to the Darlington pair version, Figure 5-31, the quasi- 


complementary amplifier has the following advantages: 


1. Опе less diode is required, since there are only three base-emitter 


junctions between points 1 and 2. 


2. The compound package consisting of Ts and T4 eliminates the 


need for a high power PNP output transistor. 


Many variations of the circuits employing Darlington and/or compound packages 


are possible. 
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Designing Class AB Power Amplifiers 


Due to nonideal component characteristics, the actual clipping levels in class 
AB amplifiers that utilize a single input coupling capacitor can be significantly 
less than + Vcgo. 


A simple solution to this potential problem is illustrated in Figure 5-34. The input 
AC waveform is coupled to the bases of T, and T; simultaneously. The positive 
peak forward biases the p-type base of T4, causing current to flow through T4. 
At the same time, the positive peak applied to the base of Т» is reverse bias 
and ensures that T2 does NOT conduct. On the negative half cycle, the transistor's 
status is reversed, with Тг forward biased and conducting, and Т, cut off. Depend- 
ing upon the nature of the signal source and the actual component characteristics, 
either one or two input coupling capacitors may be required for satisfactory circuit 
operation. 


The following design guides for both single and dual supply circuits should help 
you design basic class AB power amplifiers. 





Figure 5-34 


A coupling arrangement that employs two input capacitors. 
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SINGLE SUPPLY CLASS AB PUSH-PULL POWER AMPLIFIER 


Calculate Vceq 
Calculate Vec 


Calculate icsat 


Select | 


Calculate R 


Select transistors and diodes. 


Select capacitors 





Усва = V 2PacRt 


Мос = 2Vcea 

А2 — J VERS 

| = 2 to 6% of ¿csat 

Voc — 1.4V 
2l 


R- 


Diode IV curves should match the 
transistor's transconductance curves. 


3.18 
С; > 
Ам 


R 
Rin ~ A | heeRL 


DUAL SUPPLY CLASS AB PUSH-PULL POWER AMPLIFIER 


Calculate Vcc 


Calculate ¿csat 


Select I 


Calculate R 


Select transistors and diodes. 


Select C 


Vcc = V 2PacRe 
aM Зее 

tCsat = RL 
| = 2to 6% of (Csat 
2Усс — 1.4У 


R= 2 


Diode IV curves should match the 
transistor's transconductance curves. 


3.18 


Сі> 
1 f Ri 


R 
Rin ~ = | heeRL 





P 
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Example 5-13 


Design a class AB amplifier to supply 5W to a 1000 load. А 
single supply should be used for the design. Assurne f, — 500Hz. 


Referring to the single supply design guide: 
1. Voa = V 2PacRi = V 2(5W)(1000) = 31.62V 


2. Vcc = 2Усға = 2(31.62V) = 63.24V 


Vcea _ 31.62V 


= 0.3162A 
R. 1000 


3. ËC(eat) = 


4. Selecting | = 2 to 6% of íc(say establishes a small quiescent current іп 
the transistors. The purpose of doing this is to eliminate crossover distortion 
by providing class AB rather than class B operation. 


Ideally, Ico = |. In practice however, Ico is usually different from the value 
of l, since the diode IV curves and transistor transconductance curves rarely 
match exactly. The exact value of lca is not important as long as it is 
sufficient to provide class AB operation. Thus, selecting | equal to 596 of 
ic(saty We have: 


| = 5%(0.3162A) = 15.81mA 
5. You can simplify the design process by choosing R; = R> = R. Thus: 


Уос ay 24V — 1. 
Hoods СС. ons ge) 
21 2(15.81mA) 
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6. The required transistor ratings are: 


Р, 5W 
Ромд) > => 


Усе(мах > Vcgo > 31.62V 
Їс(мАх) > icisaty > 0.3162А 


Naturally, the transistors selected from the design should have maximum 
ratings somewhat larger than the values just calculated. 


In addition, it is desirable to select transistors whose hfe values, at 1.8lco, 
are such that: 


heeR, > 58 


Such а choice helps to ensure adequate base drive on the maximum peaks 
of the AC input signal. 


Ideally, the diode IV curves should match the transistor transconductance 
curves. If suitable diodes are not found, you can use transistors connected 
to act like diodes, as shown in Figure 5-35. 





Figure 5-35 


Ті, Ts and T2, Т, are the same type transistors. By shorting the 

base-collector terminals of T, and Т; the input transistors act like 

diodes. In this way, a “reasonable match" between the diode, T4, 

Т» IV curves and transistor, Ts, Т„ transconductance curves is 
obtained. 
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ТЕ Assuming hee = 100: 





R 
Rin = —Ih==R 
IN 2 | FEIL 
1.95kQ 
Rin = > —Itoo(1000) 


Rin = 0.975КО|10КО = 888.40 


Çi — w = лл лекетке | -- 
А ^ BOdHz(8830). С: U 
EEEL 3.18 rt Se 
2 "WR. 500Hz(1000) F 
Class C Amplifiers 


A class C amplifier is illustrated by the circuit in Figure 5-36A. Here, the ReC, 
time constant is made large compared to the period of the AC input signal. The 
combination of C, and the base-emitter diode of the transistor results in a negative 
clamping action at the base of the transistor. For this reason, conduction only 
occurs on the most positive peaks of the AC input voltage. 


As a result of the action just described, the collector current consists of a series 
of current pulses as shown in Figure 5-36B. Assuming the current pulses drive 
a high Q tank circuit, the output voltage consists of a reasonably pure sine wave 
as shown in Figure 5-30C. 


By tuning the tank to one of the harmonic components of the collector current 
you obtain a frequency multiplier. In this case, the output frequency is a multiple 
of the input frequency. 


The principle advantage of a class C amplifier is its very high efficiency. In fact, 
class C amplifiers typically have efficiencies greater than 85%. To obtain such 
efficiencies, however, requires the use of high Q tank circuits. For this reason 
class C amplifiers can only amplify a narrow band of frequencies. Applications 
for class C amplifiers are primarily limited to radio frequency, RF, circuits. 
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CIRCUIT 


icm 
£A»! 
0 
COLLECTOR CURRENT 
Von 
0 t 


OUTPUT VOLTAGE 


Figure 5-36 


A class С amplifier. 
A. Circuit. 
B. Collector current. 
C. Output voltage. 
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Self-Test Review 


16. Another name for nonlineardistortionis. . — G G distortion. 


17. In many cases, the amount of second harmonic distortion is a reasonable 


approximation for the —— (1. à. ~ harmonic distortion. 

18. Push-pull amplifiers tend to cancel ———— | . — harmonic compo- 
nents. (even/odd) 

19. In addition to nonlinear distortion, class B amplifiers exhibit ——— ——— 
distortion. 


20. Crossover distortion is minimized by operating the transistors in the class 
mode. 





21. To supply 20W of AC output power, each transistor in a class B or class 
AB amplifier must have a collector dissipation capability of at least 
W. 


22. By shoring the base and collector terminals of a BJT together, you can 
use the BJT as a 


23. Quasi-complementary amplifiers usually employ a Darlington pair and a 


See  pairoftransistors. 

24. Class. . . amplifiers can only amplify a narrow band of frequen- 
cies. 

25. Class... amplifiers typically have efficiencies in excess of 85 


percent. 


Power Amplifiers | 5-83 


Answers 


Pac 
16. harmonic . Pp(MAX = ann 


17. total . diode 
18. even . compound 
19. crossover ula 


20. AB тт” 





5-84 | UNIT FIVE 


SUMMARY 


Power amplifiers are classified according to their mode of operation. Descriptions 
of the four fundamental modes — class A, class AB, class B, and class C — 
serve as an introduction to this unit. 


In power amplifiers, the signal swings in collector current and collector-to-emitter 
voltage represent the largest possible changes. Hence, several large-signal pa- 
rameters were introduced so that the small-signal formulas derived in Units 3 
and 4 could be converted into their approximate large-signal counterparts. 


Several examples illustrating the analysis and design of class A power amplifiers 
were provided in the unit. Since class A amplifiers are the least efficient, they 
are only used for low power applications. 


The nonlinear characteristics of transistors change the shape of the signal 
waveform. This type of distortion is called harmonic distortion. By measuring the 
output signal at three points, it is possible to estimate the amount of second 
harmonic distortion using the equations provided in this unit. Frequently, the 
amount of second harmonic distortion is a reasonable approximation of the total 
harmonic distortion. 


Class B amplifiers can have conversion efficiencies as high as 78.5%. However, 
class B amplifiers introduce crossover distortion into the output waveform. To 
minimize crossover distortion the amplifier is designed to operate in the class 
AB mode rather than the class B mode. 


The analysis and design of push-pull, complementary-symmetry amplifiers were 
discussed in some detail. By referring to the examples and appropriate design 
guides, you should be able to design useful power amplifiers. Dual supply circuits 
are especially useful in portable equipment, where a battery power source is 
used. 


Although class C amplifiers have very high efficiencies, applications for these 
circuits are limited. This is because class C circuits require a resonant tank in 
the collector. Consequently, only a limited range of signal frequencies can be 
amplified in a class C amplifier. 


А 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


Vin 


Figure 5-37 





Circuit for questions 1 to 5. 


Refer to Figure 5-37 for questions 1 through 5. 


1. The quiescent power dissipated by the transistor is: 


A. 0.45W. 
В. 5W. 

C. 18W. 

D. 11.25W. 


2. The maximum possible power dissipated by the 80 load device is: 


A. 2.25W. 
B. 5W. 

C. 11.25W. 
D. 18W. 


3. The total DC input power, including the power dissipated by the biasing 


resistors, is: 
A. 18W. 
B. 24.03W. 
С. 54.45W. 
D. 48W. 


9-85 
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4. Theconversion efficiency of the circuit is: 


A. 25%. 
B. 16.5%. 
C. 4.13%. 
О. 0%. 


5. The 2.670 collector resistor should have a power rating of at least: 


A. 1W. 
B. 2W. 
C. 10W. 
D. 24W. 
6. In aclass A, RC-coupled amplifier, appropriate transistor ratings are: 
A. PopiwAx = Poa, Усе(мах) > 2Vcea; Іс(мах) > 2lco. 
B. Ромлх) 2 Poa: Vce(MAx) > Vocea, lemax) > Ico: 
C. Ргмах) > Ppo/5, Voemax) > Vee: Іс(мах) 2 Ico: 
D. Poma» > Рас/5, Усе(мах) > 2Vcea; Іс(мах) > 2lco. 
v 





Figure 5-38 


Circuit for questions 7 to 11. 
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Refer to Figure 5-38 for questions 7 through 11. Here, the maximum possible 
AC load power is assumed to be 2.25W. 


7. The supply voltage should equal: 


+ 12V. 
+6V. 

+3V. 

+6V, —3V. 


оош> 


8. The transistors should have an Іс(мах) rating at least equal to: 


A. 0.75A. 
B. 1.5A. 
C. (с. 

D. 2lca. 


9. Assuming | = 4% ic(sayR should equal, approximately: 


A. 353.340. 
B. 176.670. 
C. 88.330. 
D. 44.160. 


10. The transistors should have a Ргұмах) rating at least equal to: 


A. 4.5W. 

B. 2.25W. 
C. 1.12W. 
D. 0.45W. 


11. Assumingf, = 1kHz, the required value for C2 is: 


A. Сг пої required. 
В. 397.5uF. 

C. 39.75yF. 

D. 


3.975uF. 
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Voit) 





Figure 5-39 


Waveform for questions 12 to 14. 


Refer to Figure 5-39 for questions 12 through 14. 


12. 


13. 


14. 


15. 


The peak value of the fundamental component of the voltage is approxi- 
mately: 


А. 9V. 

B. 9V- 0.8V. 
С. 9У- 4V. 
D. 4.1V. 


The peak value of the second harmonic component of the voltage is approx- 
imately: 


0.45V. 

9V — 0.8V/2. 

OV. 

Depends on frequency. 


ooo» 


The percent second harmonic distortion approximately equals: 


A. 0%. 

B. 10.9%. 
C. 7.3%. 
D. 3.70%. 


The most efficient type of amplifier discussed in this unit is: 


Class A. 
Class B. 
Class AB. 
Class C. 


ооо» 
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EXAMINATION ANSWERS 


1. С-- To calculate Poa you must first calculate the values of lca and “сео. 
Thus: 


Ve = 1606.70) 
BZ — = 
330 + 6.70 = 


Ve = 2.7V — 0.7V = 2V 


Ve 2V 
= Е E AA 
Е- 70670 a 


Vce = Мос - !с(Вс + Ве) 
Voce = 16V - 3А(2.670 + 0.672) 
Vcg = 16V — 10.02V = 6V = Vocea 


Thus: 


Ppa = Vcealca 
Ppa = 6V(3A) = 18W 


2. А-- The maximum possible power dissipated by В, is: 


(Мова)? _ (6V? _ 


= — — = 225W 
R. 2R, 2(80) 





3. С-- The total DC input power, including the power dissipated by the biasing 
resistors, is calculated using Equation 5-1. Here: 


Рос = Vccllco ae In] 


Since Vg = 2.7V апа R2 = 6.70, la, equals 2.7V/6.70 or 0.403A 
(neglecting the small base current, IR, = Ig). Therefore: 


Рос = 16V[3A + 0.403A] = 54.45W 


4. С-- Conversion efficiency is a ratio of the maximum possible AC load 
power to the DC input power. Thus: 


Pac 
'= — x 100 
n Pac 


2.25W 
т' = LEWN 100 = 413% 
54.45W 
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5. D— Since Іса = ЗА: 


Pg, = (Ico)°Rc 
Pr, = (3А)2(2.670) = 24W 


6. А — Ina class A, RC coupled amplifier, the approximate transistor ratings 
are: 


Poma = Poa, Veeman > 2Vceo, !cimax) > 2lco 


7. В-- Referring to the dual supply design guide: 





Vec = V2PacRL = V 2(2.25W)(80) = 6V 


8. А — lc(wAx) >4сбвау- For the dual supply circuit: 


21 = 7 2(80mA) 
10. О — Inthe push-pull amplifier, Росмлх) = Рас/5. Thus: 


2.250 
= 0.45% 





Ромах = 
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11. A — The dual supply circuit does not require an output coupling capacitor! 
12. D— In Figure 5-39, Vmax = 9V, Ммм = 0.8V, and Vo = АУ. Thus: 


м -V 9V — 0.8V 
V4 = —MAX _ ММ Macs —m—— ——— (СС 4.1V peak 
2 2 


V + V — 2M. 9V + 0.8V — 2(4У 
13. A— v, - Ух MN а - : (4V) 


V2 = 0.45V peak 


14. B — The percent second harmonic distortion is: 








V2 
Do = | —| x 100 
1 
0.45V 
Do = "AdV x 100 = 10.9% 








15. D— The class C amplifier has the highest efficiency. 
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UNIT 6 


MULTIPLE-TRANSISTOR 
CIRCUITS 
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INTRODUCTION 


With the exception of push-pull amplifiers, and single stage amplifiers employing 
Darlington and/or compound packages, the circuits examined previously were 
single transistor circuits. In this unit, some of the more frequently encountered 
multiple-transistor circuits will be examined. 


Generally speaking, amplifiers may be classified as being either direct-coupled 
or AC coupled. The differential amplifier is a good example of the direct-coupled 
concept. Due to its versatility, the differential amplifier is employed extensively 
in both feedback systems and linear integrated circuits. Consequently, the opera- 
tion of this important circuit will be discussed in detail. 


Multistage amplifiers are necessary when gain, power, and/or impedance require- 
ments cannot adequately be met by a single stage of amplification. For this 
reason, examples illustrating the analysis and design of two-stage AC coupled 
amplifiers will also be provided in this unit. 
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UNIT OBJECTIVES | 


When you һауе completed this unit, you should be able to: 


1. Analyze and design a differential amplifier utilizing an Re, Vee current 
source. 


2. X Analyze and design a differential amplifier that utilizes one of three BUT 
constant current sources. 


3. Analyze and design a two stage, common-emitter, RC coupled voltage 
amplifier. 


4. Select component values for a voltage divider feedback network. 


Б. State how voltage series negative feedback affects Rin, Ro, and Ay in 
a two-stage, common-emitter voltage amplifier. 
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UNIT ACTIVITY GUIDE 


Read section on “Differential Amplifiers". 
Answer Self-Test Review Questions 1-14. 
Perform Experiment 10 in Unit 9. 

Read section on "Cascaded Stages". 
Answer Self-Test Review Questions 15-24. 
Perform Experiment 11 in Unit 9. 

Study the Summary. 

Complete Unit Examination. 


Check Examination Answers. 


ы, Bel EJ. UO aa [ЕЁ] st 
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DIFFERENTIAL AMPLIFIERS L 


Differential amplifiers are frequently used to obtain an output voltage that is di- 
rectly proportional to the difference between two input voltages. For this reason, 
differential amplifiers are also referred to as difference amplifiers. 


The input stage of many linear integrated circuits is a differential amplifier. Thus, 
the knowledge you acquire by examining a basic BJT differential amplifier will 
help you understand the terminology and operation of numerous linear IC's. 


Basic Circuit 


An elementary BJT differential amplifier is shown in Figure 6-1. Ideally, transistors 
T4 and Т» have identical characteristics. In addition, component values are 
selected so that Rc, = Rc, = Rc and Вв, = Вв, = Вв. 


In Figure 6-1, note that the circuit has two input terminals and two output terminals. 
An input can be applied to either or both bases. Similarly, outputs are available 
between either collector and ground. In addition, an output can also be taken 
between the two collector terminals. These various options make the differential 
amplifier a very versatile circuit. 






m ls 


INPUT 
1 


Figure 6-1 


Basic differential amplifier. 
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DC Analysis 


By removing the two signal sources, v4 and vo, you obtain the DC equivalent 
circuit shown in Figure 6-2A. To emphasize the symmetrical nature of the circuit, 
Re can be split into two components as shown in Figure 6-2B. Since 2Rg|2Re 
= Reg, it should be apparent that the circuit in Figure 6-2A is equivalent to the 
Circuit in Figure 6-2B. 


The symmetry of the differential amplifier can be employed to simplify the analysis 
process. The results obtained by analyzing one-half of the circuit are directly 
applicable to the remaining half. 


LEFT-HALF Vec RIGHT-HALF 





шу 
ORIGINAL CIRCUIT 


EE 





EQUIVALENT CIRCUIT 


Figure 6-2 


DC equivalent circuits for the BUT differential amplifier 
in Figure 6-1. 
A. Original circuit. 
B. Equivalent circuit. 
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LEFT - HALF 





REDRAWN FOR CLARITY 


Figure 6-3 


DC equivalent circuits for one-half of the differential amplifier 
in Figure 6-2B. 
A. Left-haif. 
B. Redrawn for clarity. 
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The DC equivalent circuit for the left half of the differential amplifier is provided 
in Figure 6-3A. By redrawing the circuit, you obtain the circuit shown in Figure 
6-3B. Here, the loop equation for the base-emitter portion of the circuit is: 


—leRg + Vee — 2leRe — Vee =0 


Substituting le/hte for lg and solving for Ig yields: 


| Vee — Vee 
Sie R 
2Re + = 
š Вв 
Assuming component values are chosen so that 2Re >> xm) the value of lg 
is approximated by: Б 
Vee sess Vee 
k= E_E 3 
E 2Rc (Eq. 6-1) 
Due to the circuit's symmetry, lE = lg, = |с. Since the current in the emitter 


resistor, Re, equals lg, + le,, we have: 
la, = 2le (Ед. 6-2) 


Once the value of lg is known, the other DC quantities are readily determined. 
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Example 6-1 


For the circuit shown in Figure 6-4, work out values for the 
following DC quantities: 


(a) The emitter currents. 
(b) The current flowing through Rs. 
(c) Thecollector-to-ground voltages. 
(d) The emitter-to-ground voltages. 
(e) Thecollector-to-emitter voltages. 
(f) Thecollector-to-collector voltage, Vaz. 
15V 
1kQ 


1kQ 





-15V 


Figure 6-4 


Circuit for Example 6-1. 
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Vee - Vee _ 15V - 07V 


a) le =le, = lz = a IONS WN 
EE ORE 2(7.15k0) 


(D) Im = 2le = 2(1mA) = 2mA 
(C) Vc, = Vc, = Voc – IcRc = 15V - 1mA(7.5kQ) = 7.5V 


(d) Since In, = 2lg, the emitter-to-ground voltage, Ve, is: 


Ve = 2leRe — Vee 
Ve = 2mA(7.15kQ) — 15V 
Ve = —0.7\/ 


Note that the DC emitter voltage is only slightly below ground potential. This 
is similar to the situation encountered in a single transistor emitter bias circuit, 
where Ve is typically —0.7V. 


(e Vce = Vc - Ve 
Voe = 7.5V — (-0.7V) 
Усе = 8.2V 


(f) Since Vc, equals Vc,, the collector-to-collector voltage, Vc, — Vc,, is zero. 
Specifically: 


Мав = Ус, = Ус, = 7.5V ET 7.5V = OV 
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Current Source Model 


The function of Re and Vgg in the basic differential amplifier is to provide a con- 
stant current flow through Re_. Ideally, the value of this current should not change 
when v, and/or уг are applied to the input terminals of the amplifier. As you 
will see, it is important to maintain a constant value of Ip, in spite of variations 
in vy, ve, or both v4 and vo. 


Since Re and Vee function as a crude "constant current source,” you can visualize 
the basic differential amplifier as shown in Figure 6-5. 





Figure 6-5 


Current source representation of a differential amplifier. 
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Example 6-2 


Show how the circuit of Example 6-1, Figure 6-4, can be 
analyzed using the concept of a current source model. 


The original circuit is reproduced in Figure 6-6A. The value of the current flowing 
through Re equals the value of Is in the current source model. Since, lg, equals 
2lg: 


Vee — V 
б = == (Ед. 6-3) 
Re 
Thus: 
V — 0.7V 
Ше ымын А ТА 
7.15kQ 


In this case, the current source model appears as shown in Figure 6-6B. There- 
fore, 


Once you know the value of lg, you can calculate the remaining DC currents 
and voltages as in Example 6-1. 


1kQ 1kQ 


1kQ 





-15V 


ORIGINAL CIRCUIT CURRENT SOURCE MODEL 


Figure 6-6 


Circuits for Example 6-2. 
A. Original circuit. 
B. Current source model. 
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CONSTANT-CURRENT 
SOURCE 


Figure 6-7 


A differential amplifier that utilizes current source bias. 
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Current Source Bias 


If you analyze the differential amplifier from an AC point of view, you will find 
that large values of Re are desirable. Unfortunately, large values of Ве also require 
relatively large supply voltages. In addition, for a given value of 15, large Re 
values dissipate more power than do small Rg values. 


A circuit that overcomes the limitations of the Re, Vee biasing scheme is illustrated 
in Figure 6-7. Here, transistor Тз, resistors R4, Вг, and Re, and the voltage source, 


Vee, function as a much improved constant current source for the differential 
amplifier. 


The current source portion of the circuit in Figure 6-7 can be analyzed in this 
way: 


Using voltage division: 


VeeR2 
R: + R2 


Va, = 


By inspection, the voltage across Re equals the voltage across Rə minus the 
transistor base-to-emitter voltage. Thus: 


Vr, = Vn, = Vee 


Since ің, equals Is, we have, using Ohm's law: 


Vn, — Vee 


1 = 
s Re 
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Example 6-3 


For the circuit shown in Figure 6-8 calculate the values of: 
(a) The source current, Is. 
(b) The emitter current of T,. 
(c) Тһе base voltage of T3. 


VeeR2 15V(10kQ) 
Va ani. = == edes ridi) Бу. 
(a) R R + В,  10kQ + 10kQ 


_ Va, — Vae _ 7.5У — 07V 
Re 3.4kQ 


B = 2mA 


(D i = = Z” -1m 


Thus, both le, and lg, equal 1mA. 


(c) The base voltage of Ts equals the voltage across Һ.. In Figure 6-8, note 
that the base voltage is negative with respect to ground. Thus: 


Ve = Va, = -7.5У 


cc 


Figure 6-8 





Circuit for Example 6-3. 
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Additional Constant Current Sources 


Two popular variations of the constant-current source, in Figure 6-7, are illustrated 
in Figure 6-9. 


In the zener diode circuit shown in Figure 6-9A: 
Vn. E Vz = Vee 
Since ls = Ig, we have: 


_ V2 - Vee 


ls = (Eq.6-5) Zener diode circuit 


Similarly, for the diode circuit in Figure 6-9B: 


(Vee - Уо)Вә 
Ма ---------- Еа. 6- 
P В, + Re Еа 60) 


Vn, = -Уве + Vo + Va, 


Since the diode voltage, Vp, and the transistor's base-to-emitter voltage, Vae, 
are approximately equal, the voltage across Re essentially equals the voltage 
across Ra. Thus: 

VR, = Vn, 


Therefore, the current produced by the constant-current source is: 
V 
ls- la = —* (Eq. 6-7) 
Re 


The zener diode circuit stabilizes ls against supply voltage and temperature varia- 
tions by providing a stable reference voltage. Similarly, the diode circuit minimizes 
the effects of variations in Vee since the voltage drop across the diode, Vp, effec- 
tively cancels the transistor's base-to-emitter voltage, Vee. 


1 
ZENER DIODE CIRCUIT = 1 DIODE CIRCUIT I 
E 





Figure 6-9 





Improved constant-current sources for the differential amplifier. =a EE 
A. Zener diode circuit. 
B. Diode circuit. 
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Example 6-4 


Calculate the source current, Is, zener current, Iz, and emitter 
currents for the circuit shown in Figure 6-10. 


Ух Vac — 54V ON 
= ——E = — — = 2mA 
Re 2.5kQ 


Vee — V. 15V — 5.7V 
_ MEE z SS S M 


= 1. = шш 
ЕБ R 9.3kQ 
| Is 2mA ТА | | 
= — = — = m. = = 
Eon 2 2 = ES 
15V 





-15V 


Figure 6-10 


Circuit for Example 6-4. 
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Example 6-5 


What value of Is is produced by the constant-current source 
in Figure 6-11? 


(Vee - Vo)Re 


Va = 
Re R: + R2 


Assuming Vp = 0.7V: 


(10V — 0.7V)6.8kQ 9.3V(6.8kQ) 


V a = Ri E Л д = 6. 26V 
Pe 3.3kQ + 6.BkQ 10.1kQ 
ls = Va, _ 6:26V _ 3.13mA 
НЕ 2КО 





Figure 6-11 


Current source for Example 6-5. 


AC Analysis 


An "exact" AC analysis of the basic differential amplifier in Figure 6-1 is surpris- 
ingly complex. However, by employing a few new concepts and considering the 


symmetrical nature of the circuit, it is possible to derive a number of approximate, 
but useful, formulas. 
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DIFFERENTIAL-MODE VOLTAGE 


The output voltage taken between the two collectors in Figure 6-1 ideally depends 
upon the product of the amplifier's voltage gain, Ay, and the difference between 
the two input voltages (V, — V2). This concept is illustrated in Figure 6-12, where 
the triangular symbol is used to represent the differential amplifier. Here, the 
difference voltage (V, — V2) is referred to as the differential input voltage, 
vg. Stated mathematically: 


Vg = у — v2 (Eq. 6-8) 
Ideal differential 
amplifier. 
Vo = Ачға (Ед. 6-9) 


For example, if v, = +0.25V, ур = —0.25V, and Ag = 10, the output voltage 
in Figure 6-12 would be calculated as follows: 


Vd = vı — v2 = +0.25V — (—0.25V) = 0.5V 
Vo = Agva = 10(0.5V) = 5V 


Similarly, if v4 = уг = 0.25V, the output voltage in Figure 6-12 would be zero 
volts since the differential input voltage (v4 — v2) is zero. 





OV (А.д (U U) 


Figure 6-12 
The ideal differential arnplifier. 


Example 6-6 


In Figure 6-12, v, = 1.25V, v; = 0.75V, and Ag = 10. Calculate 
the output voltage, xç, assuming the amplifier is ideal. 


va = vı — v2 = 1.25V — 0.75V = 0.5V 
Vo = Agva = 10(0.5V) = 5V 


Since the differential input voltage was the same as the previous example, the 
output voltage is also the same, 5V. 
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COMMON-MODE VOLTAGES 


By definition, the common-mode voltage, усм. is the average value of the two 
input voltages to a differential amplifier. Stated mathematically: 


V4 + v2 


veom OO (Eq. 6-10) 


By solving Equation 6-8 and Equation 6-10 for v, and уг in terms of vg and 
vom, you obtain: 


Vd 
vı = Vom + > (Eq. 6-11) 


S > (Eq. 6-12) 


You can appreciate the significance of these equations by referring to Figure 
6-13. In Figure 6-13A, v, and v2 are applied to the input terminals of the differential 
amplifier. Here: 


1. The voltage from terminal A to ground equals v4. 
2. The voltage from terminal В to ground equals уг. 


3. The voltage between terminals A and B, the differential input volt- 
age, equals v4 — vo. 


Equation 6-11 and Equation 6-12 suggest the equivalent circuit shown in Figure 
6-13B. Here, each input voltage is thought of as containing both a differential- 
mode, уагг, and common-mode, vcm, component. The following example verifies 
the equivalence of the circuit in Figure 6-13A and Figure 6-13B. 





EQUIVALENT CIRCUIT 


ORIGINAL CIRCUIT 





Figure 6-13 


The input voltages, v4 and vo, in A can be represented by differential 
and common-mode components as shown in B. 
A. Original circuit. 
B. Equivalent circuit. 
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-+ 





Va 





SOLVING FOR VA 







Var» 






SOLVING FOR Vp 


© аш 


SOLVING FOR VAB 


Figure 6-14 


Circuits for Example 6-7. 
A. Solving for va. 
B. Solving for və. 
C. Solving for vag. 
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Example 6-7 


In Figure 6-13А va = іл, vg = vz, and vag = vı — vz. Show 
that the same values are obtained for the circuit in Figure 
6-13B. 


The circuit in Figure 6-13B is redrawn in Figure 6-14. By following the path indi- 
cated from terminal A to ground in Figure 6-14А, you obtain: 


Vd 
VA === VOM 
2 


рт ур + V . 
Substituting v4 — və for vg and A iz for vcm yields: 
vı — v2 vı + v2 2v 
PAG mec сал 
2 2 2 


Similarly, through the path shown in Figure 6-14B: 


a 
vg = 7» + vcM 


=v + уг vı + v2 2v2 
= Sa Е = — > 


2 2 2 





Finally, referring to Figure 6-14C: 


Since the terminal-to-ground and terminal-to-terminal voltages in Figure 6-13A 
and Figure 6-13B are identical, we conclude that the voltage sources in Figure 
6-13A can be represented as shown in Figure 6-13B. 


6-23 
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Practical Differential Amplifiers 


Due to the fact that real components cannot be matched exactly, the two halfs 
of a practical differential amplifier are not exactly the same. For this reason, 
the output voltage depends upon both the differential and common-mode compo- 
nents of the input voltages. Specifically, the output voltage of a practical differential 
amplifier is described as follows: 


Vo = Agva + Acm¥cm (Ед. 6-13) 


Where: vg = differential input voltage = v4 — v2 
vı + v2 


vcm = common-mode input voltage = 2 


Ag = differential voltage gain. 


Acm = common-mode voltage gain. 


It is important to remember that, in real differential amplifiers, equal differen- 
tial input voltages do not necessarily result in equal output voltages. 


The following example illustrates this concept. 


Example 6-8 


A differential amplifier has a differential voltage gain, Ag, of 
10 and a common-mode voltage gain, Асм, of 0.1. Estimate 
the output voltage for the following input voltages: 
(a) % = +0.25V, v; = —0.25V 
(b) w = və = 0.25V 
fel m”: = 1.25V, v2 = 0.75V 
(a) va = w — və = +0.25V — (-0.25V) = 0.5V 


у tv _ +0.25V + (—0.25V) 





VCM = 2 = 2 = 0V 
Note that when v4 = — v2, the common-mode component of the input volt- 
age is zero. 


Vo = Agva + Асмусм 
Vo = 10(0.5V) + 0.1(0V) = 5V 


In this case, a differential input voltage of 0.5V results in a 5V output voltage. 
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(D vg = vı — va = 0.25V – 0.25V = OV 
vı + v2 0.25V + 0.25V 


= —— n = 0.25V 
VCM 2 2 


Note that when v, = vo, the differential input voltage is zero. Ideally, the 
output voltage should also be zero. However, since a real differential 
amplifier responds to both the differential and common-mode input compo- 
nents, we have: 


Vo = Адуа + Асмусм 
vo = 10(0V) + 0.1(0.25V) = 0.025V 


(C) va = v; — və = 1.25V — 0.75V = 0.5V 
vı + v2 1.25V + 0.75V 


= ——— = —— =1V 
VCM 2 2 


Note that the differential input voltage, 0.5V, is the same as in (a). In this 
case, however, the output voltage is: 


Vo = Agva + Асмусм 
vo = 10(0.5V) + 0.1(1V) = 5.1V 


Common Mode Rejection Ratio 


Since the ideal differential amplifier is perfectly balanced, its common-mode volt- 
age gain is zero. Thus, the ideal differential amplifier only responds to differential 
input signals. Common-mode signals are completely rejected by the amplifier. 


Real differential amplifiers respond to both differential- and common-mode sig- 
nals. Clearly, a practical differential amplifier is one whose differential-mode volt- 
age gain is large compared to its common-mode voltage gain. 


A measure of how close the characteristics of a real differential amplifier are 
to those of the ideal differential amplifier is given by the ratio of the amplifier's 
differential- and common-mode voltage gains. This ratio is called the common 
mode rejection ratio, CMRR, and is defined as follows: 


Aa 
CMRR = — ‚ 6-14 
A, (9519 


Obviously, large values of CMRR are desirable. Frequently, the CMRR of a diffe- 
rential amplifier is expressed in decibels rather than as a simple numeric ratio. 
Specifically: 


CMRRes = 20logCMRR (Ед. 6-15) 
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Example 6-9 


Calculate the CMRR for the amplifier in Example 6-8: 


Expressed in decibels: 


CMRRag = 20109 CMRR 
CMRRag = 20109 100 = 40dB 


Noise 


The common-mode component of the input voltages to a differential amplifier 
is effectively applied to both inputs of the amplifier, as illustrated previously in 
Figure 6-13B. For this reason, any signal that is simultaneously applied to both 
inputs will appear as a common-mode signal to the amplifier. As you know, diffe- 
rential amplifiers tend to reject common-mode signals. 


Sources of electrical noise are both varied and numerous. Typical noise sources 
include electric motors, lightning, incandescent light dimmers, fluorescent lights, 
and power supplies. Frequently, these and other noise sources induce unwanted 
voltages in leads connected between a signal source and the input terminals 
of an amplifier. 


Noise-induced voltages are amplified along with the signal voltage by most 
amplifiers. Thus, when the amplitude of the induced noise voltage is on the same 
order of magnitude or larger than the signal voltage, the output voltage from 
a conventional amplifier will be a highly distorted waveform. 


Differential amplifiers have excellent noise immunity. This is because the noise 
voltages induced in each of the two amplifier input leads are essentially equal. 
Consequently, the induced noise voltages appear as a common-mode signal to 
the differential amplifier and are rejected. 
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Useful Formulas 


The left half of the basic differential amplifier is reproduced in Figure 6-15A. 
Here, we are assuming that a common-mode voltage is applied to the input of 
the amplifier. The AC equivalent circuit is shown in Figure 6-15B. By following 
the path indicated by this dotted line you obtain: 


vom — 2&Re — ff.’ = 0 


Solving for бе: 
ЖЕ Yom ЕЕГ 
% 2Re + Га” m 
Mn E - vcuRc 
© bs 2Re xus fo 
The ratio of vc to vem, Aco: is therefore: 
Re 
-- ------ (£q.6-16 
Асм REY (Eq ) 





LEFT HALF OF FIGURE 6-1 AC EQUIVALENT CIRCUIT 


Figure 6-15 


Circuits for deriving an expression for Acm. 
A. Left-half of Figure 6-1. 
B. AC equivalent circuit. 
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Assuming component values are chosen so that 2Re >> г’, Equation 6-16 is 
closely approximated by: 


Айма Ды ia an cien 
= HSR a 


To obtain a small value of Асм, Re should be large. Increasing the value of 
Re, however, requires a larger Vee supply voltage. Thus, the values chosen for 
Vee and Re represent a common-mode voltage gain/supply voltage compromise. 


If current source bias is employed, the effective value of Rg in Equation 6-17 
approximately equals the value of rc'. Thus: 


bu: (Eq.6-18) Current source bias 


Since rc' is usually very large compared to Rc, the common-mode voltage gain 
of a differential amplifier employing current source bias is quite small — which 
of course is desirable. 


To calculate the differential voltage gain, vcm is assumed to be zero. When v, 
= 32 and v2 -уу2, the changes in ie, and ¿,, are complementary. Thus, if 
íe, increases by 1mA, će, will decrease by 1mA and vice versa. For this reason, 
no signal current flows through emitter resistor Re. This fact permits us to replace 
Re by a short circuit as shown in Figure 6-164. 


Referring to the AC equivalentcircuit in Figure 6-16B, we note: 


Vd 





> — ide = 0 
ЧО. зд 
ы 2fe' © 
R 
vc = —¿cRc = — ER 
2ге 
The differential voltage gain, Ag, is therefore: 
Ay mu. Шс (Ед. 6-19) 


Va 2 
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ORIGINAL CIRCUIT 





AC EQUIVALENT CIRCUIT 


Figure 6-16 


Circuits for deriving an expression for Ag. 
A. Original circuit. 
B. AC equivalent circuit. 
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15V 





-15V 
BASIC DIFFERENTIAL AMPLIFIER 





-15V 
CURRENT SOURCE BIAS 


Figure 6-17 


Circuits for Example 6-10. 
A. Basic differential amplifier. 
B. Current source bias. 
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Example 6-10 


The circuits shown іп Figure 6-17A and Figure 6-17B were 
partially analyzed in Example 6-1 and Example 6-3 respec- 
tively. Recall that in both circuits Ig = Ig, = 1mA. Based 
on this fact, calculate the differential voltage gain, common- 
mode voltage gain, and the common-mode rejection ratio of 
each circuit. 


For the basic differential amplifier: 





37mV 37mV 
fe’ = = — 290 
le 1mA 
7.5KQ 
Ag=- Ae o шаі aaa 
2, 2(370) 
R Š 
Ac me M e. ADMI. Z 0524 
2ВЕ 2(7.15kQ) 
101 
CMRR = A = 3 _ 1933 
Ac 0.524 


CMRRæ = 20100 193.3 = 45.7dB 


Since the current source bias circuit has the same values of Rc andr,’ as the 
basic circuit, Ag = — 101.3. Also, since гс’ for Тз = 1МО, the common-mode 
voltage gain, Асм, is: 


-Re -7.5kQ 
=—  =— = - 0.00375 
Асм om 2(1М0) 
Thus: 
Ag 101.3 
= — — = 2701 
CMS Асм 0.00375 33 


CMRRas = 20 log 27013.3 = 86.67dB 


Obviously, the use of current source bias provides superior common-mode rejec- 
tion. 
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Mode of Operation 


Since the differential amplifier has two input and two output terminals, a number 
of operating modes are possible. The simplest mode is the single-input, single- 
output arrangement. In this mode, a single input voltage, v4, or v2, is applied 
to the base of either T, or Тг in the “differential pair.” The output voltage is 
then taken from the collector of either T, or Tz. To illustrate the various operating 
modes, let's examine the circuit shown in Figure 6-18. 





Figure 6-18 


Single-input signal waveforms. 


SINGLE-INPUT, SINGLE-OUTPUT MODE 


In Figure 6-18 a single input voltage, v1, is applied to the base of T4. Since 
the base of T2 is grounded, v2 equals 0. Therefore, the amplifier sees a differential 
input voltage of (у; — 0), or v4. 


The signal at the collector of T, equals the differential voltage gain, - Rc/2re', 
times the differential input voltage, уі. Thus, the voltage appearing at the collector 
of T, is an amplified but inverted version of v. 
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Changes in у; produce changes in the emitter current іп T4. Since the emitter 
of T, is connected directly to the emitter of T2 and since Is is constant, the emitter 
current іп T2 must follow the changes іп the emitter current іп T4. For this reason, 
T2 acts like a common-base amplifier. Thus, the voltage appearing at the collector 
of T2 is an amplified — in phase version of v. The amplitude of vc, and vc, 
are, ideally, equal. Thus, in the single-input, single-output mode, you have a 
choice of selecting either an in-phase or inverted output voltage. In each case, 
the output voltage is approximately R-/2r,’ times larger than the input voltage. 


SINGLE-INPUT, DIFFERENTIAL-OUTPUT MODE 


In Figure 6-18, the collector voltages are of equal amplitude but opposite phase. 
For this reason, the signal voltage between the collectors, vag, will be double 
the value of either collector-to-ground voltage. Specifically: 


VAB = VC, “Ус, 
Substituting — vc, for vc, yields: 
Vas = Ус, — (—vc) = 2vc, 


Therefore, by taking the output voltage between the two collector terminals, the 
voltage gain of the circuit is effectively doubled. Thus, for a differential output 
voltage: 


Rc Rc 


2г.' fa 





DUAL-INPUT, SINGLE-OUTPUT MODE 


When two voltages, v4 and уг, are applied to the inputs of a differential amplifier, 
the differential input voltage equals (v4 — v2). Consequently, the signal appearing 
at the collector of T2 equals R-/2r,’ times (v4 — v2). 


Thus, as was the case with the single-input, single-output mode, you have a 
choice of selecting either an in-phase or inverted output voltage. In this case, 
however, the output voltage is an amplified version of the difference between 
the two input voltages. 


DUAL-INPUT, DIFFERENTIAL-OUTPUT MODE 


Once again, the effective voltage gain is doubled when the output voltage is 
taken between the two collector terminals. In this mode: 


Rc 
Vag = —- (v1 - v2) 
le 
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DIFFERENTIAL-INPUT, SINGLE- AND DIFFERENTIAL-OUTPUT MODES 


A single-ended voltage is a voltage between an ungrounded point and ground. 
Both у; and уг are examples of single-ended voltages. A differential voltage 
is a voltage that exists between two ungrounded points. The difference voltage 
(vı — v2) is an example of a differential voltage. 


The output voltage from a Wheatstone bridge is another example of a differential 
voltage. Since measurement systems frequently employ bridge circuits, differen- 
tial amplifiers are normally used to amplify the system's differential output voltage. 
In addition, the large CMRR of the differential amplifier minimizes the problems 
encountered when the measurement system is in a noisy environment. 


A differential amplifier that can be used to directly amplify a differential input 
voltage is illustrated in Figure 6-19. Here, single-ended output signals are avail- 
able at either collector. Similarly, a differential output signal results when the 
output is taken between the two collector terminals. As you might expect, vc, 
equals — Ro/re' times vin and vc, equals Rc/2re' times ум. Consequently, the 
differential-output voltage equals (vc, — vc.) or Ro/re' times ум. 


Vec 





Figure 6-19 


Differential-input, differential-output mode. Note that single-output 
signals are available at each collector. 


. , The various operating modes are summarized in Table 6-1. Here, the magnitude 


of the output voltage(s) are provided in column four. Naturally, the phase of a 


particular output voltage depends upon the specific input and output terminals 
employed. 


Tabie 6-1 


Differential Amplifier operating modes. 


























(vin) 
Input Voltage(s) 


i а 
2re’ 
= ё 


VIN VIN Rc 


(уа) 
Differential Voitage 


(vo) 
Output Voltage 








Single-Input, 
Single-Output 







Single-Input, 
Differential-Output 







Dual-Input, 
Single-Output 











Dual-Input, 
Differential-Output 








Differential-Input, 
Single-Output 





VIN 


Differential-Input, 
Differential-Output 
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Input and Output Resistances 


The derivation of “exact” formulas for the input and output resistances of the 
differential amplifier is quite complex. In most cases, the following approximate 
formulas are adequate. 


The input resistances seen by v, and v2 are approximately: 
Rin, = Ам, = 2ге Ав (Ед. 6-20) 
The input resistance seen by a differential input signal, va, is approximately: 
Rin, = 4here'lRa (Ед. 6-21) 


The approximate output resistance looking back into the circuit from either collec- 
tor terminal is: 


Ro, = Ro, = Rc (Eq. 6-22) 


Similarly, for a differential output connection, the resistance seen looking back 
into the two collector terminals is approximately: 


Ro, = 2Rc (Eq. 6-23) 


Example 6-11 


In many applications, the signals applied to the inputs of a 
differentia] amplifier are complementary, as shown in Figure 
6-20. For the given input signals, predict: 

(a) Тһе collector voltage at Т. 

(b) The collector voltage at Tz. 


(c) The voltage developed between the collectors of T, 
and Tz. 


(d) The input resistance seen by v; and vz. 


(e) The output resistance; assuming the output signal 
is taken between the two collector terminals. 
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10mV 10тУ 


-10тУ -10ту 





Ғідиге 6-20 


Circuit for Example 6-11. 


(a,b) Since 15 = 2mA, the DC emitter current in each transistor is 2mA/2 or 
1mA. The DC collector-to-ground voltages are therefore: 


Vc = Vec - IlcRc 
Vc = 7.4V - 1mA(3.7kQ) = 3.7V 


Table 6-1 indicates that, for dual inputs, vg equals (уі — vo). In this case, 
və = —,. Thus: 


уа = (v4 = v2) = 10mV - (— 10mV) = 20mV peak 
Since le = 1mA, the values of r;' and As are calculated as follows: 


The magnitude of Аҙ equals R-/2r,’. Thus: 


ag Pe __37К0 
2n. 2370) 7 50 








The peak values of the AC collector voltages are therefore: 


vc = Agvg = 50(20mV) = 1V peak 
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The AC components ride on the DC levels as shown in Figure 6-21. Here, 
note that vc, and vc, are 180° out of phase with each other. 


(c) Since va(t) and vg(t) are equal in amplitude but 180? out of phase with 
each other, the voltage between the collectors, v4 — vg, appears as shown 
in Figure 6-21C. 


(d) Ri = Rin, = 2%гАв 
Rin = 2(150)(370)|1ka 
Rn = 11.1КО[1КО = 0.917КО 


(е) Ro, = 2Re = 2(3.7kM) = 7.4kQ 


V(t) 
® x" : 


COLLECTOR -TO- GROUND VOLTAGE AT h COLLECTOR -TO- GROUND VOLTAGE АТ T3 


COLLECTOR -TO-COLLECTOR VOLTAGE BETWEEN Ті AND T2 


Figure 6-21 


Waveforms for Example 6-11. 
A. Collector-to-ground voltage at T4. 
B. Collector-to-ground voltage at Тә. 
C. Collector-to-collector voltage between Т; and To. 
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Designing Differential Amplifiers 


The design guides that follow, outline the steps necessary to design basic BJT 
differential amplifiers. The first step is to select a suitable value of Is. As a guide, 
choose 15 to be between 2mA апа бтА. The value of Rc is chosen so that 
Vco is approximately one-half of Vcc. This choice permits reasonable signal 
swings in the output voltages. 


To obtain a large CMRR, it is necessary to utilize one of three BJT constant 
current sources discussed in this unit. The second design guide outlines the 
steps necessary to design a suitable constant current source. 


A given discrete transistor rarely has characteristics that closely match another 
discrete transistor. For example, variations in Vee of 0.1V between two transistors 
is quite common. Unfortunately, the differential amplifier sees any mismatch in 
Vee as a differential voltage which it amplifies. Consequently, you should expect 
to find variations in the actual collector voltages and emitter currents in the two 
halves of the various BJT differential amplifier circuits. 


DIFFERENTIAL AMPLIFIER DESIGN GUIDE 


Vec 


Select ls. 


Calculate Rc. 


Vee — Vee 
Is 


Calculate Re. Re = 


Select Вв. Вв = 1КО to 10КО is typical. 


To obtain a large CMRR, use a BJT constant current source in place of Re. In this case, 
step 3 is replaced by steps 1 through 3 in the constant current source design guide. 





Calculate Vg . 


Select R, & Re. 
(10КО to 47КО is typical.) 


Calculate Re. 


CONSTANT CURRENT SOURCE DESIGN GUIDE 


Select V2. 


Calculate Re. 


Calculate R. 


Vz = 1/3 to 1/2 . Calculate Va. 
Vee 
Vz - Vee 


Calculate Re. 
Is 


- Ме 2 


Select R, & R2. 


I 
3 (10kQ to 47kQ is typical.) 





XIS LINN 0t-9 
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For those applications requiring “near ideal” differential amplifiers, you will find 
numerous integrated circuit, IC, units available from various manufacturers. Most 
of the problems you would encounter with discrete differential amplifiers are great- 
ly minimized in the IC versions. 


Example 6-12 


Design a basic BJT differential amplifier assuming Is = 3mA, 
Рес = 15V, and Ver = —15V. 


Referring to the steps in the design guide: 


ths 15 = 3mA 
Vcc 15V 
a BED MES а nes ЕТ? 
Ç ls 3mA 
Vee — V V — 0.7V 
3 R= —— —= = Ада _ 4.76kQ. 
ls 3mA 


4.  SelectRg = 1kQ 


Example 6-13 


Redesign the amplifier in Example 6-12 to include a BJT con- 
stant current source that utilizes a zener diode. Assume a zener 
current of 2.5mA is adequate to keep the diode operating in 
the zener region. 


1. Since Vee = — 15V a 5.6V zener diode is a good choice. 


- 6У-07У 
2. Re= Мема MONI Sada de rSn 
E 3mA 


E moe ue. Әт SV. ы 
Е К Ë |. &.5mA : 
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Self-Test Review 


T The differential amplifier is sometimes called a difference amplifier since 


it amplifies the — 1^ between the two input voltages. 
2. In a well-designed differential amplifier, the differential-mode voltage gain 
is _ апа the common-mode voltage gain is 


3. For a differential output voltage, the effective differential voltage gain equals 
Rc divided by 


4. For a single-ended output voltage, the differential voltage gain equals Rc 
divided by š 


5. Тһе ratio of the differential- and common-mode voltage gain is called the 





6. уі = 10mV peak, and уг = 5mV peak. Assuming v4 and >> аге in phase 
with each other, the differential input voltage is _______mV peak. 


7. The common-mode component of the input voltages in question 6 is 
____mV peak. 


8. If v4 and v> іп question 6 are 180° out of phase with each other, the differen- 
tial input voltage equals |  mVpeak. 
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Refer to Figure 6-22 for questions 9 through 14. 
9. Re should equal approximately, — — T  kQ. 
10. Rcshould equal approximately, КО. 


11. The peak value, of the AC component, of the voltage between point A 


and groundis —— . V. 
12. The peak value of the voltage between points AandBis. — — V. 
13. The circuits common-mode rejection ratio is approximately, — .— à . dB. 
14. Тһе DC voltage between points А and B, ideally, equals. . . . V. 





-16V 


Figure 6-22 


Circuit for Self-Test Review questions 9-14. 


Gh таен 


Answers 


difference 


large, small 


common-mode rejection ratio 
5mV 


7.5mV 





Solutions to appropriate questions follow: 


6. 


10. 


Va = V+ = Vo 
vg = 10mV — 5mV = 5mV 





V4 + V2 10mV + 5mV 
= ------- = — — n. = 7.5mV 
еМ 2 2 
Vg = V4 — Vo 
vg = 10mV — (—5mV) = 15mV 
16V(10kO 
Мр, = VeeR2 _ ( Le ву 
R, + R2 20k0. 
- V — 0.7V 
= = V Ve ey S asa 
Is 4mA 
16V 
Re = MEC eae 


15mV 


1.825kQ 


4kQ 


0.432V 


0.864V 


110.2dB 


zero V 
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11. Тһе differential voltage gain has a magnitude of Нс/2ге/. Since 15 = 4mA, 
le equals 2mA. Thus: 





37mV 37mV 

ra = = — = 18.50 
le mA 
Вс 4k 

Ag = = = 108 





Sy Ов) З 
Vg = 94 — vo = 12mV — 8mV = 4mV peak 
The peak value of the AC component of each collector voltage is therefore: 
vc = Aava = 108(4mV) = 0.432V peak 
Naturally, vc, and vc, are 180° out of phase with each other. 


12. vc, = ъс, = 0.432V. However, vc, and vc, are 180° out of phase with 
each other. Thus: 


ус, — vc, = 0.432V — (-0.432У) = 0.864V. Note that, by taking the 
output between the collectors, the effective voltage gain is doubled. 


13. CMRR = АуАсм 
Since a BJT constant source is employed, the magnitude of Асм equals 
Ror,’. Thus: 


Rc ака 
Асм = —— = = 3.33 x 10-4 
CM Ore’ — 2(6MQ) 





Since the magnitude of Ag is 108: 


Ag 108 
CMRR = = ---------- - 324,000 
Асм 3.33 x 10-4 





In decibel notation: 


CMRRdB = 20 log CMRR 
CMRRGB = 20 log 324,000 = 110.2dB 


14. Ideally, Vc, = Vc,. Thus the DC voltage between the two collectors ideally, 
equals zero. 
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MULTISTAGE AMPLIFIERS 


When the requirements for a particular application cannot be satisfied by a single 
stage of amplification, several stages can be cascaded together to form a multi- 
stage amplifier. In this section, we will discuss the analysis and design of selected 
multistage RC-coupled amplifiers. 


Analysis By Blocks 


Before attempting to analyze an actual multistage amplifier, lets consider the 
general block diagram shown in Figure 6-23. Here, a number of single stage 
amplifiers have been cascaded together to form the multistage amplifier enclosed 
by the dashed lines. 


From your study of single stage amplifiers, you know that the voltage gain of 
a given stage depends upon the value of load resistance, R., connected across 
the output terminals of the amplifier. In Figure 6-23 it is important to note that: 


The effective load resistance of each stage, except the last stage, is the 
input resistance of the following stage. 


Thus, in Figure 6-23, the effective load resistance of the first stage is Rin,. Simi- 
larly, the effective load resistance of the second stage is Rin,, and so forth. For 
this reason, when you analyze a multistage amplifier, you should begin with the 
last stage and work backwards until you reach the first stage. Naturally, the load 
resistance of the last stage is the resistance of the actual load device. 


Obviously, the overall characteristics of a multistage amplifier depend upon the 
characteristics of the individual stages. Referring to Figure 6-23, let's examine 
how the characteristics of the individual stages effect the input resistance, output 
resistance, and various gains of the multistage amplifier. 





Figure 6-23 


Block diagram of n cascaded amplifier stages. 
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INPUT AND OUTPUT RESISTANCE 


The input resistance seen by the signal source is, by inspection, the input resis- 
tance of the first amplifier stage. Similarly, the output resistance seen by the 
actual load device is the output resistance of the last amplifier stage. Thus: 


Ам = Rin, (Eq. 6-24) 
Во = Во, (Eq.6-25) 


VOLTAGE GAIN 


The total voltage gain of n cascaded stages equals the product of the individual 
stage gains. Thus: 


TS Ау, асбо Av. (Eq. 6-26) 


Naturally, if the individual stage gains are given in decibels, the total dB gain 
of the system equals the sum of the individual stage gains. 


CURRENT GAIN 


As was the case with voltage gain, the total current gain equals the product 
of the individual stage gains. Thus: 


А; = А; A; А, (Ед. 6-27) 
А тоге useful expression for the total current gain is obtained as follows: 


v j R. 
Av = С-ы 
VIN GnRin 





Since the ratio —- is the total current gain of the multistage amplifier, we have: 
; g 


UN 
¿R 
Av, = AR 
Rin, 
Solving for A; yields: 
Ау Ris, 


= == (Eq. 6-28) 
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POWER GAIN 


Once again, the total gain equals the product of the individual stage gains: 
Ap, = Ар, Ар, ....Ар (Ед. 6-29) 


As was the case with current gain, it is desirable to express the power gain 
in terms of the voltage gain. Thus: 


_ (vo/R. 
(уім) Нм 
Substituting Ау, for ус/ум, we have: 
2 
Ар, = (Av Rin, (Ед. 6-30) 


R. 


Example 6-14 
For the multistage amplifier in Figure 6-24, determine: 
(a) Тһе voltage, current, and power gains. 


(b) The input and output resistance. 


(c) The power supplied to Кү, assuming vm = 10mV 
rms. 





Figure 6-24 


Circuit for Example 6-14. 
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(a) Ау = Av,Av, = 20(15) = 300 


_ AR _ 300(2k0) | 
paca кк ай 





(Ағы (300)X2kO) 
= ——— = m T 18,000 
Ap, В, 10ка 


Note that the product of the voltage and current gains equal the power 
gain. If you prefer, you can calculate the power gain as follows: 


Ap, Ез Ау Ai, = 300(60) == 18,000 
(b) RiN == Rin, = 2kQ0 


Ro = Ro, = 6.8k0 


(c) Since Ар, equals 18,000, the AC power supplied to the 10k load will 
be 18,000 times greater than the AC input power. Thus: 


(vin)? (10mv)* 
Рм- —— = ——— — = .05u.W 
IN т жо H 


Po = Ар Pin = 18,000(.05uW) = .9mW 


Two-Stage Voltage Amplifiers 


The simplest multistage amplifiers consist of two stages of amplification. Since 
the common-emitter configuration provides relatively large voltage, current, and 
power gains, it is often the preferred configuration for two-stage voltage amplifiers. 
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A typical two-stage, RC coupled, voltage amplifier is illustrated in Figure 6-25. 
Note that the input resistance of the second stage, Rin, is the effective load 
resistance of the first stage. This point is emphasized by the equivalent circuit 
in Figure 6-25B. 


You analyze a two-stage amplifier by combining the results of the "block analysis" 
and the methods used to analyze single stage circuits. The following example 
illustrates this process. 





R 
IN, 
ORIGINAL CIRCUIT 





Ry 2 


EQUIVALENT CIRCUIT FOR THE FIRST STAGE 


Figure 6-25 


A multistage amplifier, composed of two common-emitter stages. 
A. Original circuit. 
B. Equivalent circuit for the first stage. 
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Example 6-15 


For the circuit shown in Figure 6-26, calculate the voltage gain, 
current gain, power gain, input resistance, and output resis- 
tance. 


15V 


10kQ 





Figure 6-26 


Circuit for Example 6-15. 


You begin by analyzing the last stage. Thus: 


15V(100kQ. 
Va, = IM ву 
27КО + 100k 


Ve, = Ve, = Veg, = 11.8V — 0.7V = 11.1V 





oen ee in 
= Re тока 
m 37mV 37ту = азай 
ӘЖ de I y imas 2 


rL, = 2.2kO|10kQ = 1.8kQ 


_ 18k0 
Ë fel 33.30 





= - 54.05 


RiN(BAsE 2) = Ме, (Ге) 
Rinwase 2) = 100(33.30) -3.3кО 


Rin, = 27К0|100к0/3.3к0 
Rin, = 21.2к0|3.3КО = 2.85k0 


6-52 | UNIT SIX 


Since Rin, is the effective load resistance of the first stage, RL, = 2.85k. Thus, 
the analysis of the first stage proceeds as follows: 


15V(100kQ 
Ve = — SV(00kO) 


——— M —— = 11.8V 
i 27КО + 100КО 


Ve, = Ve, - Уве, = 11.8V — 07V = 11.1V 





V 11.1V 
E= — = = 1.1mA 
Re. 10.1К0 
37mV 37mV 
= — = —— -3360 
п, = Re llRin, 
п = 2.2КО|2.85КО = 1.24к0 
Ay = SECUN ad L2 aM. 
ы Re, + Te, 1000 + 33.6 


Since the voltage gain of each stage is known, the overall voltage gain is: 


Av, = Av, Av, 
Av, = (—9.28)(— 54.05) = 501.6 


Since each common emitter stage provides a 180° phase shift, the input and 
output voltages are in phase with each other. Consequently, the sign proceeding 
Av, is positive. 


The input resistance of the amplifier is the input resistance of the first stage. 
Thus: 


D 


Rinease 1) = ie, (RE, + Ге) 
Rinwase 1) = 100(1000 + 33.60) = 13.36к0 


Rin, = 27kO|100k0|13.36kQ 
Rin, = 21.2kO|13.36kQ. = 8.19kQ 


The output resistance of a common-emitter amplifier is approximately equal to 
the collector resistance, Rc. Thus: 


Ro = Нс, = 2.2к0 
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Since Rin, Ri, and Ay, are known, the current and power gains can be obtained 
as follows: 


Ay,R 501.6(8.19kQ 
Me COE E TID 
R. токо 





A; = 


(Av,)?Rin, _ (501.6)2(8.19К0) 


IS R тока. 





- 206,062 


Ехатріе 6-16 


Estimate the clipping levels for the second stage in Figure 6-26. 
Based upon these estimates, what is the largest value of ум 
that produces an unclipped output voltage? 


Recall from Unit 3 that the clipping levels of a common-emitter amplifier are 
approximated by: 


V+ = Ico(Re, tn) 
V^ = Vcea 
Thus: 
V+ = 1.11mA(0 + 1.8kQ) = 2V peak 
Vc, = Vcc — Ic,Rc, 
Vc, = 15V — 1.11тА(2.2К0) = 12.56V 
Since Ve, = 11.1V 


V^ = Мова = 12.56V — 11.1V = 1.46V peak 


Thus, the maximum possible unclipped output voltage from the amplifier is approx- 
imately 1.46V peak. 


Since the total voltage gain, Av, is approximately 501.6, the value of ум that 
produces a 4V peak output voltage is: 


_ VOMAX 
VIN(MAX) — TAS 
1.46V 
VIN(MAX) = ——— = 2.91mV peak 


501.6 
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Noise 


The largest input voltage that produces an unclipped output voltage, in Figure 
6-26, was estimated to be 2.91mV peak. Obviously, this is a small input signal. 


Since the amplifier in Figure 6-26 is single ended, any noise present at the input 
will be amplified along with the signal voltages. Thus, if the noise voltage is 
in the mV range, or larger, the output voltage in Figure 6-26 will be distorted. 


For these reasons, induced noise voltages are especially bothersome in amplifiers 
that have large voltage gains. Some of the steps you can take to minimize the 
amplification of noise voltage include: 


1. Keepthe lead lengths of components as short as possible. 
2. Connect components that go to ground to a single point. 
3. Use coaxial cable for the input and output leads. 


4. Enclose the entire circuit in a metal box. This helps to shield the 
circuit from potential noise sources. 


If the previous steps do not solve the problem, you should consider employing 
differential stages before the single-ended voltage amplifier. For example, by cas- 
cading a differential-input, differential-output stage with a differential-input, single- 
output stage, you obtain a single-ended output voltage that contains very little 
noise. 


Design Considerations 


Clearly, it is not possible to provide a concise series of design steps that apply 
equally well to virtually any set of specifications. Above a certain order of complex- 
ity, the persistence, experience, and creativity of the circuit designer become 
major components of the actual design process. 
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Nevertheless, by employing the various design guides, in conjunction with the 
block approach, it is possible to design numerous useful multistage amplifiers. 
To illustrate some of the steps in an elementary multistage design problem, let's 
assume we are to design a voltage amplifier according to the following specifica- 
tions: 


1. Voc = 15V 
2. R. = 10КО 
3. Ay should have a typical value of approximately 500. 


To begin, the relatively large voltage gain suggests two stages of amplification. 
As mentioned previously, common-emitter stages are a reasonable choice for 
multistage amplifiers. Therefore, the common-emitter configuration will be used 
for each stage. 


The design of a multistage amplifier may be reduced to the design of two or 
more compatible stages. Since a total voltage gain of 500 is desired, the product 
of the individual stage gains should equal 500. Somewhat arbitrarily then, we 
select Ay, = 10 and Ay, = 50, as shown in Figure 6-27. 


Figure 6-27 


Block diagram for the design problem discussed in the text. 
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Due to its inherent stability, voltage divider bias will be used for both stages. 
Thus, referring to the common-emitter, voltage divider design guide in Unit 3, 
you proceed as follows: 

2ND STAGE 

1. со = 1mA 

2. г. = 37mV/1mA = 370 


3: Re, = 0 


4. т =Avire’ + Ве) = 50(370) = 1.85kQ 


Rn. 2 тапа), 0 
В, - rL 10k. — 1.85k0 





5. Rc = 


6. Voea = lco(Re, + п) = 1mA (0 + 1.85kQ) = 1.85V 


7. Vea = Vcc - ПсаВс + Ус=о) 
Уға = 15V — [1mA(2.27kQ) + 1.85V] = 10.88V 


8. Re = Vgo/lca = 10.88V/1mA = 10.88К0 
9. Вг = 10.88kQ 


10. Re = 100к0 


- V 100К0(15У — 11.58V 
ENG. euius. ашыды ды ат” 
Vea 11.58V 


12. Rineasey = һ(Ве, + re’) 
RIN(BASE) = 100(0 + 370) = 3.7kN 


Rin = 29.5kQ|100kQ0J3.7k0. 
Rin = 22.8к0]3.7КО = 3.18к0 


The minimum capacitor values are: 


3.18 3.18 





B ae 
Rin 500(3.18КО) 
3.18 3.18 
De э кн ыы N 
Са = FR ^ Боо(токо) a 
қ 3.18 
суз A 2. CAD Sse 


hRg, 500(10.88kQ) 


Multiple-Transistor Circuits | 6-57 


In order to provide а reasonable input resistance for the first stage, we opt for 
a partially bypassed emitter resistor. Thus: 


1ST STAGE 

Us lco = 1mA 

2. re! = 37mV/1mA = 370 

3. Initially, you might select Re, = Srp’ = 1850. In this case, however, you 


will find in step 7 that such a choice requires a larger supply voltage than 
15V. For this reason, we choose Re, = 1000. 


4. т, = Av(re' + Ве) = 10(370 + 1000) = 1.37kQ. 


R 3.18kQ(1.37kQ. 
барй тұлан 76 аш дез ЕКЫ АЛА), чокъ 
А -п 3.18kM — 1.37kQ 





6. Vceo = lca(Re, + п) = 1тА(1000 + 1.37kQ) = 1.47V 


7. Vea = Хес - ПсаВс + Хсєа] 
Vea = 15V - [1тА(2.4КО + 1.47V)] = 11.13V 


8. Re = Мео/са = 11.13V/1mA = 11.13kQ 
9. Re, = Re — Re, = 11.13КО - 1000 = 11.03КО 


10. Select Rə = 100kQ 


11. Ry = — S = — n бака 


12. FiiN(BASE) = his (Re, + fe’) = 100(1000 + 370) = 13.7КО 


Rin = 26.8kQ|[100kO0]13.7kQ. 
Rin = 21.1kQ|13.7k0 = 8.31КО 


The minimum capacitor values are: 


3.18 3.18 
C, = —— = -------- = 0.765pF 
Вам 500(8.31К0) 


С» for the first stage is С, of the second stage, ог 2.134.F 


Employing standard value components, you obtain the circuit shown in Figure 
6-26. 
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Negative Feedback 


The term feedback refers to the process of obtaining a portion of a system's 
output, and literally feeding back the sampled signal to the system's input. In 
a negative feedback system, the difference between the input and feedback 
signals are amplified by the feedback amplifier. 


In a system composed of amplifier blocks, both voltage and current can be fed 
back to the input. In addition, the feedback signal can be connected in either 
series or parallel with the signal source. For these reasons, there are four funda- 
mental feedback configurations. 


VOLTAGE-SERIES NEGATIVE FEEDBACK 
Figure 6-28A illustrates a non-inverting amplifier block. Typically, this block would 


consist of two cascaded common-emitter stages. The voltage gain of the basic 
amplifier block is referred to as the open loop gain, Ao, . Thus, in Figure 6-28A: 


Ao. = — (Еа.6-31) 







AoL 
—— (BLOCK 1) 





БАСС ВЕ БЕНЕН ЕЕ INCORPORATING THE AMPL 


AN ELEMENTARY FEE 


Figure 6-28 


Constructing a voltage-series, negative feedback amplifier. 

A. Basic amplifier block. 

B. Incorporating the amplifier block in an elementary feedback 
system. 
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The system illustrated in Figure 6-28B is an example of a voltage - series nega- 
tive feedback system. Here, the voltage gain of the system enclosed by the 
dotted lines is referred to as the closed loop gain, Acı. Therefore, in Figure 
6-28B: 


vo 


(Eq. 6-32) 


In Figure 6-28B, note that the feedback amplifier basically consists of two parts. 
These are: 


1. Block number 1, which represents the noninverting amplifier shown 
in Figure 6-28A. 


2. Block number 2, which represents the feedback network. The 
purpose of the feedback network is to sample the output voltage 
in order to produce the desired feedback signal, v+. The actual 
network in block number 2 is often nothing more than a simple 
voltage divider. Since the input to the feedback network is vo, the 
voltage gain, B’, of the feedback network is: 


B'--.  (Eq.6-33) 
vo 


Typically, the value of B’ is less than unity since it is only a sample of the output. 


Referring to Figure 6-28B, you can obtain an expression for the system's closed 
loop voltage gain as follows: 


Looking at block number 1 we note: vs is the effective input voltage with feedback. 
vo = Жо//е 

Writing a loop equation at the input to block number 1 yields: 
Ve = Vin — Wf 

Since w = B'vo: 


Ve = VIN — B'vg 
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Substituting (vin — B'vo) for və in the expression vo = Ao, ve, we obtain: 


vo = Асу (им өз B'vo) 

vo = Aown - Аа B'vo 
vo + Aoi B'vo = AouviN 
voll + Аа В’) = Aow 


Finally, since the ratio of vo to ум is the closed loop voltage gain, we have: 


v Ао. 
A EUR (Eq. 6-34) 

Incidentally, the term Ao, B' appearing in the denominator of Equation 6-34 is 
called the loop gain. 


You can appreciate the significance of Equation 6-34 by considering how the 
gain of the feedback amplifier is affected by changes in the gain of the noninverting 
amplifier block. 


Example 6-17 


A noninverting amplifier has an open loop voltage gain of 
1000. This amplifier is employed as one block of a voltage- 
series feedback amplifier as shown in Figure 6-29. Here, note 
that the details of the feedback network contained in block 
2 are provided. 


(a) Calculate the gain of the feedback network. 

(b) Calculate the voltage gain of the feedback amplifier. 

(c) Due to temperature changes, component aging, etc., 
the voltage gain of the noninverting amplifier in- 


creases from 1000 to 2000. What is the new value 
for the voltage gain of the feedback amplifier? 
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BLOCK 2 
Figure 6-29 


Circuit for Example 6-17. 


(a) Іп Figure 6-29, v; as determined using voltage division, is: 


(b) Since the gain of the noninverting amplifier and feedback network are 
known, you can calculate the gain of the feedback amplifier as follows: 


Ao. Б 1000 
1+ AoB’ 


im "714300001 - 


(c)  Inthis case, Ao, = 2000. Thus: 


hes 2000 
wer e ha E gigs 
1-AaB' 1 + 2000(0.1) 


Note that a 100% change іп the gain of the amplifier block produces very little 
change in the gain of the feedback amplifier. 
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In a well designed feedback amplifier, component values are chosen so that 
the loop gain, Ao, В’, is large compared to unity. Assuming this is the case, Equa- ~ 
tion 6-34 can be simplified as follows: 





d Ас. 
Ас. 1 + Ao B’ 
If Ag, B' >> 1, then: 
1 
Аа = pe с. (ға639 


Equation 6-35 indicates that, іп а well designed voltage-series negative feedback 
amplifier, the voltage gain depends only upon the value of B’! Consequently, 
variations in the gain of the noninverting amplifier block have little effect on the 
actual voltage gain of the feedback amplifier. 


By employing a voltage divider that utilizes precision resistors, the value of B’ 
is fixed. Since Ac, = 1/B’, the resulting closed loop gain is largely independent 
of both individual unit and unit-to-unit parameter variations. 


Input and Output Resistances 


The introduction of voltage-series feedback to an amplifier produces a higher 
input resistance and a lower output resistance. An analysis of the feedback system 
indicates that the change in resistance-levels equals (1 + Ao В”). Specifically: 


Rin’ = Rin(1 + Ас В”) (Eq. 6-36) 
xo H6 i 
Vul (Eq. 6-37) 


Where: Rin and Ro are the input resistance and output resistance of the nonin- 
verting amplifier. 


Rin’ and Ro’ are the input resistance and output resistance of the 
feedback amplifier. 
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Example 6-18 


The noninverting amplifier in Figure 6-29 has an input resis- 

tance of 2kN and output resistance of 5kN. Calculate the input 

resistance and output resistance of the feedback amplifier. 
Since Ao, = 1000 апав’ = 0.1: 


1 + AaB’ = 1 + 1000(0.1) = 101 


Thus: 
Rin’ = Rin(1 + Асы B) 
Rin’ = 200(101) = 202kN 
Ro БКО 
R = ———— = — = 
mE E ее 
Distortion 


Nonlinear distortion is evident in an amplifier when the changes in collector current 
and collector-to-emitter voltage are large. As the instantaneous operating point 
approaches the saturation and cutoff regions, the current gain of the transistor 
decreases. A large decrease in the transistor's current gain produces a corres- 
ponding decrease in the voltage gain of the amplifier. This results in nonlinear 
distortion. 


With sufficient negative feedback, the closed loop gain of the feedback amplifier 
is largely immune to variations in the open loop gain of the noninverting amplifier. 
Hence, the nonlinear distortion is greatly reduced. As was the case with resis- 
tance-levels, the factor by which the distortion is changed, ideally, equals (1 + 
Ао В’). Thus: 


, 


D 
= == Жүке 
"ew e Е 110530) 


Where: D = amount of nonlinear distortion without negative feedback. 
D' = amount of nonlinear distortion with negative feedback. 


For example, if 10% nonlinear distortion is present without feedback and (1 + 
Ао В’) = 99, the nonlinear distortion with negative feedback is only 1%. 
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Practical Voltage-Series, Negative Feedback Amplifier 


An example of a popular voltage-series, negative feedback circuit is provided 
in Figure 6-30. Here, the common-emitter stages composed of T; and Т- provide 
a reasonably large open loop voltage gain. As you can see, the feedback network 
consists of the voltage divider formed by R4, and Ro. 


In Figure 6-30, note that the feedback voltage, vr, is fed back from the output 
of the second stage to the emitter of the first stage. For this reason, the AC 
base-to-emitter voltage of T, equals the difference between v and ur. 


AMPLIFIER 





FEEDBACK NETWORK 


Figure 6-30 


A practical voltage-series negative feedback amplifier. 
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In example 6-17, the voltage gain of the voltage divider feedback network was 
shown to be: 


R: 
R4 T Ro 


If the loop gain, Ao, B', is large compared to unity, the closed loop gain approxi- 
mately equals 1/B'. Assuming this is the case: 


В Ro 


раа шш 
EIE a (Eq.6-39) 


Example 6-19 


The amplifier in Figure 6-30 has an open loop gain of 1000. 
In addition, R, = 1500 and R; = 4.5k(). What is the value 
of the closed loop gain predicted by Equation 6-34? Equation 


6-39? 
Ao. 
e Eq. 6-34 
Ac. IF Aab (Eq ) 
АТАНЫ е 1500 = 0.0322 
В, + А. 1500-4500” 
Thus: 
1000 
Ac. = = 30.1 
1 35320 É 
R2 


Аа = 1+ — (Ед. 6-39) 
А; 
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Self-Test Review 


Refer to Figure 6-31 for questions 15 through 19. 


15. 


16. 


We 


18. 


19. 


Вү=8КО 


= = 





R = 
IN, 3kQ 


Figure 6-31 


Circuit for Self-Test Review questions 15-19. 
The total voltage gain is —________dB. 
The total current gain is 
The total power gain is 


Assuming both stages are common-emitter amplifiers, vo and ум will be 
—_____________ degrees out of phase with each other. 


The effective load resistance of the first stage is approximately — kO. 
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Refer to Figure 6-32 for questions 20 through 24. Assume the loop gain, Ао. В’, 
is large compared to unity. 





Figure 6-32 


Circuit for Self-Test Review questions 20-24. 


—kn. 





20. The value of R; required to obtain a closed loop gain of 50 is 


21. Assuming Rin = 1КО, the value of Rin’ is approximately — КО. 





22. Assuming Ro = 10КО, the value of Ro’ is approximately 


23. Without feedback, the output voltage contains 10% harmonic distortion. 
With feedback, the harmonic distortion is reduced to approximately 
96. 


24. |f Ro is changed to 124.9kN, Ao, B' is no longer large compared to unity. 
In this case, the closed loop gain equals  — — .— ~~ ~ ~ ~- 
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Answers 

15. 52.04 . 49kQ 
16. 300 . 101kQ 
17. 120 000 . 990 


18. 360° or 0° . 0.099% 


19. ЗКО . 1000 





Solutions to questions 15 through 24 follow. 
15. Ау, = Ау,Ау, 


Ау, - (-25)(- 16) - 400 

Converting to decibels: 

Ау в = 20 log Av, = 20 log 400 = 52.0408 
Ау Rin, 400(6kQ) 


"АЕ oni eoque taie eet y 
Je e R. 8kQ 


_ (Auf, _ (400)(6kQ) _ 
17. А = R SER = 120,000 
18. Since each common-emitter stage provides a 180° phase shift, the total 
phase shift is 360°. This is equivalent to a 0° phase shift. Thus, the input 

and output signals are in phase with each other. 


19. The effective load resistance of the first stage is the input resistance of 
the second stage, or ЗКО in this case. 
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1 R 
20. If Ag,B' >> 1, Ад = = 1 -É _2 
B' В, 
Thus 
Ro _ 
Se В, = 50 
Re = 50 – 1 = 49 
R. 
R2 = 499: 


Since R, = 1000: 


R2 = 49(1000) = 4.9КО 


айр: Bruta- ok nai ас, = 0,80 
В, + А, 1009 + 4.9k0 
Pin’ = Вім(1 zh: Асу В”) 
Rin’ = 1КО[1 + 5000(0.02)] = 101к0 
R 10kQ 
20-4 Во у= eee 980) 
1*AaB' 1 + 50000.02) 
10% 
3 oe = lc 


Ao. 

24. MEN. m 

Ac. 1 + Ao.B' 

R4 1000 
В = ----- ------------ = 0.0008 
А, + R2 1000 + 124.9kQ 
Thus: 
діа рене ал000 нр S000: does 


71 + 5000(0.0008) 5 
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SUMMARY 


Differential amplifiers have two input leads and two output leads. Therefore, 
numerous operating modes are possible. This makes the differential amplifier 
a very versatile circuit which is suitable for a wide range of applications. A sum- 
mary of the most frequently encountered operating modes is provided in Table 
6-1. 


Differential amplifiers are also referred to as difference amplifiers because they 
are often used to obtain an output voltage that is directly proportional to the 
difference between two input voltages. It is useful to think of each input voltage 
as containing a differential-mode and a common-mode component. 


A well designed differential amplifier has a large differential-mode gain and a 
small common-mode gain. The ratio of the differential- and common-mode gains 
is called the common-mode rejection ratio, CMRR. The larger the CMRR, the 
more ideal the amplifier. 


The value of the CMRR is largely determined by the quality of the constant current 
source used to bias the transistors in the differential amplifier. To obtain large 
CMRRS, it is necessary to utilize a BUT constant current source. Examples illus- 
trating the analysis and design of three typical constant current sources were 
provided in this unit. 


Differential amplifiers exhibit outstanding noise immunity. This is because most 
noise appears as a common-mode signal and is therefore rejected by the 
amplifier. 


Multistage amplifiers frequently consist of two or more RC coupled common- 
emitter stages. When you are analyzing or designing multistage amplifiers, it 
is important to realize that the input resistance of the following stage is the effec- 
tive load resistance of the previous stage. 


By employing a block approach, formulas for the various gains and resistance 
levels were obtained. In addition, examples illustrating the analysis and design 
of a two-stage circuit were provided in the unit. 


Many practical amplifiers utilize some form of negative feedback to obtain stable 
voltage gains. In this unit, the voltage-series negative feedback configuration was 
discussed in some detail. 


The addition of voltage-series, negative feedback to a two-stage common-emitter 
amplifier results in increased input resistance, decreased output resistance, less 
distortion, and a voltage gain that is largely independent of parameter variations. 
The price paid for these improvements is a lower value of voltage gain. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


Refer to Figure 6-33 for questions 1 through 6. 


3.09mV 3.09mV 


-3.09mV -3.09mv 





-12V 


Figure 6-33 


Circuit for questions 1 to 6. 


1. Rc should equal approximately: 


A. ВКО. 
B. 4kQ. 
C. 33kQ 
D. Re. 
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2. Re should equal approximately: 


оош> 


3.53КО. 


3. The differential input voltage is: 


GD 


3.09mV peak. 
6.18mV peak. 
0V. 

1.545mV peak. 


4. The peak value of the AC component of the voltage between the collector 
of T; and ground is approximately: 


A. O.5V peak. 
B. 1V peak. 
C. OV peak. 
D. 2V peak. 
5. The peak value of the voltage between the collector terminals is approxi- 
mately: 
A. OV peak. 
B. 1V peak. 
C. 2V peak. 
D. 4V peak. 


6. Assuming гс’ = 2МО for all transistors, the CMRR is approximately: 


como» 


Depends on the value of vcm. 
OdB. 

60dB. 

98.2dB. 
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Refer to Figure 6-34 for questions 7 through 11. 


15V 


h m. 
fe == fe, = 100 





8.2kQ 
luF 
|. oer 
10kQ 
&e——-+ 
> 10pF 
sem 


Figure 6-34 
Circuit for questions 7 to 11. 


7. | The voltage gain of the second stage is approximately: 


A. -20.9. 
B. -1264. 
C. + 126.4. 
D. -210 


8. The voltage gain of the first stage is approximately: 


A. -22. 

B. -124.6. 
C. —60. 

BD. 513: 


9. The total current gain provided by both stages is approximately: 


276. 
—276. 
308.8. 


а. 


оош> 
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10. Theamplifier's output resistance approximately equals: 


А. 8.2k0. 
B. 10k. 
C. 2.2к0. 
D. Rin, m Rin, 


11. The amplifier input resistance approximately equals: 


A. hte, Ге’. 

B. 22к0|68ко. 
С. 2.88К0. 

D. 16к0. 


12. Inavoltage-series feedback system, Ac, = 1/B’ if: 


A. Ао іѕ Іагде. 


B. B'islarge. 
C. AoB' <<1. 
D. А-В >> 1. 


13. Negative voltage-series feedback: 


A. Increases Rin. 

B. Decreases Ry. 

C. Increases Ro. 

D. Increases the amount of harmonic distortion. 


14. The term loop gain refers to: 


Ao/(1 + AoLB). 
VE. 

1 + Ао. В’. 

Ас, В'. 


coo» 
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EXAMINATION ANSWERS 
1. B— Rec 522 = зд = 4kQ 


ге toy 
Ма = — = — = 61 
iN 2 
Vn = У 6V — 0.7V 
RE = as Se 4 77kü 
Is 3mA 


6), В — vg = (v — və) 
va = 3.09mV - (-3.09ту) 
va = 6.18mV peak 


4. А — Referring to Table 6-1 for dual-input single-output operation, we find: 
уо = — (m — vg 


Since le = 15/2 or 1.5mA: 


37mV 37mV 


ge ee TO 
le 1.5mA 
Thus: 
E (Gam) QV peak 
= ——— лөт =U. 
vo (2470) P 


5. B— The output obtained between the collectors is double the output ob- 
tained from either collector to ground. Thus, vo = 2(0.5V) or 1V peak. 
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6. D— First calculate the values of the differential- and common-mode voltage 





gains. 
-R 4kQ 
^7 av CUNEO 77 
= -4kQ 
Асм = = Sa ee 
Now: 
CMRR = = = -- - 81,000 


Finally, converting to dB notation: 
CMRRdB = 20 log 81,000 = 98.2 


7. А— First calculate the values of re, and г, : 


15V(22k02 
UMLAND NS 
B2kQ. + 22kQ 


2 


Ve = Vp, - Уве = 3.17V - 0.7V = 2.47У 


Ve, 2.47V 


1800 + 2.2kQ. 2.38kQ. 
,  37mV 37mV 
r= — =— = 35.60 
le, 1.04mA 
n, = Re IR = 8.2к0|10к0 = 4.5k0 
Thus: 
-r 4.5KQ 
Ay, = i; -- = —20.9 


Š 1800 + 35.60 215.60 
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8. D— Since RL. = Rn, you begin by calculating Rin,- 


Rin(Base 2) = hi (1806) + 35.60) 
RiN(BASE gu 100(215.60) = 21 .6kQ 


Rin, = 82кО|22к0|21.6к0 
Rin, = 17.3kQJ21.6kQ = 9.6k0 


п, = Reli, 
п. = 2.ЖО|9.6КО = 1.79kQ 
Now: 
15V(68k) 
Vs, = ——————— = 11.3V 
i 22kQ + 68kQ 


Ve, = Ve, - Уве = 11.3V — 0.7V = 10.6V 





V 10.6V 
le = ae = — = 1.06mA 
: 10kQ 10kQ 
37mV 37mV 
reo = ——— = — p = 83490 
| le, 1.06mA 
Thus: 
n, 1.79к0 
Ау-- -- = —51.3 
Ы. ГЕ 3490 


9. С-- First calculate Rin, and Ау). 


Німвлве 1) = htə Ге’ 
RinBase 1) = 100(34.90) =З.49КО 


Rin, = 22к0168к0[3.49К0, 
Rin, = 16.6КО|3.49КО = 2.88k0 


Ay, E Av Ау, 
Av, = (—51.3)(— 20.9) = 1,072.17 
Thus: 
Ау В 1,072.17)(2.88kQ 
A= — A EDS = 308.8 


R. 10k 
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10. 


11. 


12. 


13. 


14. 


A — Ro= Re, = 8.2kQ 


С d RiN = Rin, = 2.88k() 


A е 4 
D — Since Ac, = е ‚ Act will approximately equal 1/B' when 
AaB’ »»4. !' AG 
A — Negative voltage-series feedback, ideally, increases Rin by 


(1 +Ао В’). 


D — Ao В' is called the loop gain. 
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INTRODUCTION 


Like the bipolar transistor, or BUT, the field-effect transistor, or FET, is an example 
of a three-terminal amplifying device. However, since the FET only requires major- 
ity carriers for proper operation, itis referred to as a unipolar device. 


Basically there are two types of field-effect transistors. One type is known as 
a junction field effect transistor, or JFET. The second type is called an insulated 
gate field effect transistor, or IGFET. This type transistor is also referred to as 
a metal-oxide semiconductor field effect transistor or MOSFET. 


In this unit, you will examine both types of field-effect transistors. In addition, 
you will learn why FETs are superior to BJTs in certain applications. Finally, 
you will examine typical FET small-signal amplifier circuits, and compare the char- 
acteristics of these circuits with the BJT circuits discussed previously. 
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UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 
1 Describe the basic structure and operation of JFETs and IGFETs. 


2. Define the following FET parameters: loss, Меѕот, Ото, K, BVass, and 
Jos: 


3. | Construct bias curves for self-bias and voltage-divider JFET circuits. 


4. Analyze self-bias, voltage-divider bias, and current-source bias common- 
source voltage amplifiers. 


5. Use simplified design procedures to design JFET common-source voltage 
amplifiers. 
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UNIT ACTIVITY GUIDE 


Read section on “FET Basics.” 

Answer Self-Test Review Questions 1-10. 

Read section on “FET Circuit Analysis and Design.” 
Answer Self-Test Review Questions 11-20. 
Perform Experiment 12 in Unit 9. 

Study Summary. 


Complete Unit Examination. 


o Еа ГЕ] КЕПЕ ШИ ГЕП 0 


Check Examination Answers. 
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FET BASICS 


BJTs are current-controlled, low input resistance devices. Internally, in both NPN 
and PNP BJTs, the flow of electrons and holes is necessary for proper BJT 
operation. 


FETs on the other hand are voltage-controlled high input resistance devices. 
Internally, FET operation depends only on the flow of majority carriers; electrons 
in N-channel devices and holes in P-channel devices. For this reason, FETs 
are considered unipolar devices. 


A basic knowledge of FET construction is useful in order to understand how 
the device operates. Therefore, we will first consider the physical aspects of 
selected FETs prior to discussing their electrical characteristics. 


JFET Construction 


The construction of a JFET begins with a lightly doped, semiconductor slab of 
silicon, called the substrate. The substrate serves as a chassis on which the 
remaining electrodes are formed. This substrate can be either a P-type or an 
N-type material. Through the use of diffusion and epitaxial growth techniques, 
an oppositely doped region is formed within the substrate, thus creating a PN 
junction. However, it is the shape of this PN junction that provides the JFET 
with its unique characteristics. 


The device created by the process just described is shown in Figure 7-1. Here, 
the U-shaped region embedded in the substrate forms a channel of oppositely 
doped semiconductor material through the substrate. When this channel is made 
from N-type material and embedded in a P-type substrate, the entire structure 
forms an N-channel JFET. Similarly, a P-channel JFET consists of a P-type chan- 
nel embedded in an N-type substrate. 
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CHANNEL SUBSTRATE 


O 
GATE 
Figure 7-1 


Basic construction of a JFET. 


A JFET is similar to a BJT in that it can be constructed in two ways. The JFET 
is either an N-channel ог a P-channel device, while the BJT is either an NPN 
or a PNP device. For this reason, the current directions and voltage polarities 
of N-channel JFETs are just the opposite of those for P-channel JFETs. 


The construction of the JFET in Figure 7-1 is completed by attaching three leads 
to the device. The leads attached to each end of the channel are referred to 
as the source and drain, and the lead attached to the substrate is called the 
gate. 


The schematic symbols used to represent JFETs are shown in Figure 7-2. Note 
that the only difference between the two symbols is the direction of the arrow 
on the gate lead, G. The N-channel JFET symbol has an arrow that points inward, 
while the P-channel JFET symbol has an arrow that points outward. 


or 4 J 


1 


5 5 
N- CHANNEL P- CHANNEL 
Figure 7-2 


JFET schematic symbols. 
A. N-channel. 
B. P-channel. 
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Figure 7-3 


Cross section view of an N-channel JFET with VGS = OV. For 
this “shorted gate" condition, Ip is maximum and is designated 
as loss. 
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JFET Operation 


Like a conventional BUT, a JFET requires two bias voltages for proper operation. 
One voltage source is connected between the source and drain leads to establish 
a current flow through the channel within the JFET. The second voltage source 
is connected between the gate and source leads and is used to control the amount 
of current flowing through the channel. 


A cross section view of an N-channel JFET is shown in Figure 7-3. Here, an 
external voltage source, Vpp, is connected between the drain, D, and the source, 
S, leads. Note that the gate, G, and source, S, leads are also connected together. 
For this reason, the gate-to-source voltage, Vas, equals zero. 


In Figure 7-3, Vpp establishes a current flow through the N-type channel because 
of the majority carriers, free electrons, within the N-type material. This source-to- 
drain current is simply referred to as the FET's drain current, Ip. The maximum 
possible drain current is obtained when Ves equals zero. For a given FET, man- 
ufacturers specify this maximum value as lpss. Since Vas = OV in Figure 7-3 
itis clear that lp = Ipss. 
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Gate-To-Source Cutoff Voltage 


In Figure 7-4A a second voltage source, Vec, has been added to the circuit 
of Figure 7-3. The polarity of Ves is such that the gate, G, is negative with respect 
to the source, S. Therefore, Vag reverse biases the PN junction formed by the 
P-type gate and the N-type channel. Since the resistance of a reversed biased 
PN junction is quite large, the gate current is very small. For this reason, the 
input resistance of the JFET is very large — typically in excess of 10MM. 


Most importantly, the reverse bias gate-to-source voltage causes a depletion 
region (an area devoid of majority carriers) to form within the vicinity of the 
PN junction. As indicated in Figure 7-4A, by the diagonal lines, the depletion 
region spreads inward along the length of the channel. 


The formation of the depletion region effectively reduces the cross sectional area 
of the channel that is available for current flow. When this occurs, the effective 
resistance of the channel is increased. This, in turn, results in a value of drain 
current, Ip, that is less than the value of Ipss. 


Increasing the value of Vec increases the size of the depletion region. This further 
reduces the effective width of the conducting channel. Thus, for a given value 
of Vopn, increases in Vac produce smaller values of drain current, Ip. 


If Vac is sufficiently large, the conducting channel is effectively “pinched off’ as 
shown in Figure 7-4B. For all practical purposes, when this happens, the drain 
current is zero. The gate-to-source voltage required to reduce Ip to zero, regard- 
less of the value of Vpp, is referred to as the gate-to-source cutoff voltage and 
is represented by the symbol Мосо). 
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Ip <Ipss 








D 


D 





i= DEPLETION 
REGION 
Voc SMALL VALUE OF IVcc] 
p» DEPLETION 
REGION 
Figure 7-4 
VN EV Formation of the depletion region. Although two depletion regions 
66 6S рғ) appear to exist, only one is formed. This depletion region extends 
around the wall of the N-type channel since all sides of the channel 
LARGE VALUE OF | Voc | are in contact with the P-type substrate. Furthermore, the depletion 


region will be wider at the drain end of the channel. This is because 
Voo effectively adds to Vag so that the voltage across the drain 
end of the PN junction is higher than the voltage across the source 
end of the junction. 
A. Small value of Мое]. 
B. Large value of Уеа]. 
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Pinch-Off Voltage 


As explained earlier, for a given drain supply voltage, the amount of drain current 
is primarily determined by the value of the gate supply voltage. 


However, the drain supply voltage also has a certain amount of control over 
the value of the drain current. Specifically, if Voo is slowly increased from zero 
to higher values, Ip also increases. A point is soon reached, however, where 
Ip levels off and then increases only slightly as Vpp continues to increase. The 
value of the drain-to-source voltage, Vps, corresponding to this point is called 
the pinch-off voltage, Vp. 


For values of Vps less than Vp, the width of the conducting channel is large 
and lp is proportional to Vos. When Vos = Vp, the depletion region restricts 
the width of the conducting channel іп a manner similar to Figure 7-4A. If Vos 
is increased further, the width of the conducting channel decreases sufficiently 
to counteract the tendency of Ip to increase with Vps. 
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A graph of drain current versus drain-to-source voltage for a typical JFET appears 
as shown in Figure 7-5. Note the following: 


1. For values of Vos < Vp, 3V inthis case, lp is proportional to Vos. 


2. For values of Vos between 3V and 30V, lp is essentially constant 
and equal to 8mA. 


3. The maximum safe drain-to-source voltage, Vpsmax), is 30V. If 
Vps exceeds this value, breakdown occurs and the JFET can be 
damaged. 


I 


D 





Figure 7-5 


Typical drain current versus drain-to-source voltage curve. 
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Figure 7-6 


Typical drain characteristic curves for an N-channel JFET. 
A. Test circuit. 
B. Drain curves. 
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Drain Characteristic Curves 


In a manner similar to obtaining the collector curves for a BUT, the test circuit 
shown in Figure 7-6A can be used to obtain the drain curves for an N-channel 
JFET. Typically, the procedure is as follows: 


1. Vssis set to zero. 


2. Vos is increased from zero to some maximum value, less than 
Уре(мах), While observing the change in Ip. 


3. Ves is adjusted to various negative values, and step 2 is repeated 
for each value. 


The resulting family of drain characteristic curves is provided in Figure 7-6B. 
Notice that when Vas = OV, Ip increases rapidly with increases in Vos. However, 
Ip quickly levels off as indicated by point A. At point A, the corresponding values 
of Ip and Vps are: 


lp = loss = 10.8mA 
Vos = Vp = 5V 


The remaining curves in Figure 7-6B are plotted for high values of Vas. Notice 
that for each higher value of Vas, Ip levels off at a lower value so that the corres- 
ponding pinch-off voltage, Vp, must also be lower. In Figure 7-6B, the dashed 
line that goes upward and to the right crosses each curve at the approximate 
point where Ip is pinched off. The region to the left of the dashed line is referred 
to as the ohmic region. On the other hand, the region to the right of the dashed 
line is referred to as the pinch-off region. 


In most applications, the FET is biased so that: 
Vp < Vos < Vosmax) 
In Figure 7-6B note that: 
1. When Ves = OV, Vp = 5V 


2. Vescorf) = —5V 
In practice, the value of Vp will always be close to the absolute value of Voscorr)- 
Consequently, operation within the pinch-off region is assured simply by making 
Vos higher than Vp or Vaso. In addition, since the operation of the JFET is 
controlled by varying the depletion region within the device, the JFET is said 
to operate in the depletion mode. 
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Transconductance Curve 


Recall that a device's transconductance curve is obtained by plotting output cur- 
rent versus input voltage. For this reason, the transconductance curve for a JFET 
consists of a plot of drain current, Ip, versus gate-to-source voltage, Vas, as 
shown in Figure 7-7. Note that: 


1. The vertical intercept of the transconductance curve equals іре. 


2. The horizontal intercept of the transconductance curve equals 
Vascotn: 


3. Mathematically, the equation that describes the transconductance 
curve is: 





№] Ë 


(Eq. 7-2) 
[Veson] 


Ip = loss [1 — 


Assuming the values of loss and Мсѕою are known, Equation 7-2 can be used 
to estimate the drain current, Ip, for different values of gate-to-source voltage, 
Vas. 


Example 7-1 


An N-channel JFET has ап Ipss of 20mA, and a Усон) of — 2V. 
Estimate the drain current if Vgs = — 1V. 


IVasl 2 


l= lose [1 — — SEL = 
ІМов(от)! 


lp = 20mA[1 у Ë 
В. 2V 


Ip = 20mA(0.5)? = 5mA 


I 





=I 1- 
D DSS 
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Figure 7-7 


JFET transconductance curve. 
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Normalized Transconductance Curve 


A JFET's drain current is described by Equation 7-2. If you divide both sides 
of Equation 7-2 by Ipss you obtain: 








Ip [Vasl 
| = P (Еа.7-3) 
pss Маон 


By substituting values between 0.05 and 1 into Equation 7-3 for the 
IVesl/Vasior| ratio, you obtain the data provided in Table 7-1. 





TABLE 7-1 


Normalized JFET transconductance curve data 
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Similarly, by graphing the data in Table 7-1, you obtain the normalized JFET | 
transconductance curve shown in Figure 7-8. Since this curve applies to virtually 
any JFET, it will prove useful for the analysis and design of JFET circuits. 
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Figure 7-8 


Normalized JFET transconductance curve. 


Example 7-2 


A JFET has an Ipss of Әп А and a Vesorq of — 4V. What is 
the value of Ves if the JFET is biased at Ip = 4.4mA? 


Ip 4.4mA 


lpss 8mA 


= 0.55 
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Referring to Figure 7-8, you can see that for Ib/loss = 0.55, the corresponding 
value of Ves/Vascor is approximately, 0.26. 


Thus: 


у 
GS = 0.26 





Vas(ott) 
Since Veso = —4V: 


Ves = 0.26(- 4V) = —1.04V 


Transconductance 


Transconductance, gm, is measured in Siemens and is an important JFET param- 
eter. Specifically, gm is a measure of the ability of gate-to-source voltage to control 
drain current. Stated mathematically: 





Al 
Оп = ——-—, Vos = CONSTANT (Ед. 7-4) 
AVas 
Where: Alp and AVggs represent small changes in the drain current, and 


gate-to-source voltages respectively. 


On a data sheet, transconductance is usually indicated by one of the following 
symbols: gm, gis, Or yrs. ІП addition, most data sheets list the value of gm for 
Ves = 0. This particular value of gm, is denoted by gmo. 


The value of gmo is related to the values of loss and Vesscorn as follows: 


2lpss 


eee Бы а. 28) 
|Vescetn| 


Әто 


Alternately, you can estimate |Мсе(он)| if the values Of (то and Ipss are known 
through the equation: 


2lpss 





[Vason] = (Eq. 7-6) 


Graphically, the transconductance parameter, Jm, represents the slope between 


two adjacent points on the JFET’s transconductance curve. The following formula 
lets you estimate the value of gm for Vas values between 0 and Vosioto. 


Мові 


as H 
gm = Ото Vacca 
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As with Equation 7-2, it is useful to normalize Equation 7-7 and plot the results. 


Dividing both sides of Equation 7-7 by Jmo yields: 


= V 
Өт _ m .Nes , (Eq. 7-8) 
9mo |Vescorn| 


Figure 7-9 is the graph of Equation 7-8 for values of the |Vesl/|Vasiorn| ratio be- 
tween 0.1 and 1. 


Example 7-3 
A JFET has an Ipss of 4mA and à 8mo of 2,0005. Determine: 


(a)  Vastott 
(b) The values of Ip, Vas, and 8m, assuming the JFET 
is biased at Ip = 0.6Ipss. 





(а) |Vescorn| = a av 
mo 


Assuming the JFET is an N-channel device Vas(or) = — 4V. 
(D) = O.6lpss = 0.6(4тА) = 2.4mA 


Referring to Figure 7-8 we note that an Ip/Ipss ratio of 0.6 corresponds 
to a Vas/Vasioro ratio of, approximately, 0.225. 


Thus: 
Vas = 0.225(-4М) = -0.9У 


Referring to Figure 7-9 we see that a Vas/Vas(or ratio of 0.225 corresponds 
to a gn/gmo ratio of, approximately, 0.775. 


Thus: 


Jm = 0.77590 = 0.775(2,000&S) = 1,5505 
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Figure 7-9 


A normalized curve for the gm/9mo ratio. 


JFET Parameters 


The following is a summary of the major JFET parameters. Some of these param- 
eters were introduced previously. In such cases, additional information is provided 
to complement and supplement the earlier material. 


lpss 
This is the value of lp when Vas = OV. On some data sheets, loss is listed 
as Ip(on, for Vos > Vp. 


Vasiotn 
Ideally, Уес(он) is the value of the gate-to-source voltage that results in zero drain 


current. However, since a JFET's transconductance curve exhibits significant cur- 
vature in the vicinity of the knee, it is difficult to define the exact point where 
lp = 0. For this reason, data sheets usually specify Vas(or as the value of gate-to- 
source voltage that produces a drain current of 196 Ipss, or less. 
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Imo» Its: Уға 

These symbols represent the JFET’s transconductance value for Vas = OV. Like 
Ipss and Ус<он), there are wide unit-to-unit variations in the value of gmo. Typical 
values for gmo are between 1,000 апа 8,0004S. Some data sheets use units 
of mhos rather than siemens for gmo. 


lass 

This is the gate-to-source current with the drain and source terminals connected 
together. Since the PN junction between the gate and source terminals is normally 
reverse biased, lass is very small: usually in the nA range. In most cases lass 
is negligible. 


This is the gate-to-source breakdown voltage with the drain and source terminals 
connected together. BVass is specified for a specific value of drain current. 


Jos: Yos 

These symbols represent the JFET’s common-source output conductance. The 
reciprocal of gos provides the value of the JFET’s drain resistance, rg which is 
analogous to rc’ for BUTs. 


IGFETs (MOSFETs) 


The gate and channel regions within a JFET form a conventional PN junction. 
This PN junction is reverse biased by an external voltage source. The reverse 
bias voltage causes the JFET to operate in the depletion mode and allows the 
device to have a large input resistance. However, there is another type of FET 
which does not have a conventional PN junction that has to be reversed-biased. 
This device uses a metal gate which is electrically insulated from its semiconduc- 
tor channel by a thin layer of silicon dioxide, 5102. Consequently, the device 
is referred to as an insulated gate FET, IGFET, or a metal-oxide semiconductor 
FET, MOSFET. 


Unlike the JFET, which can only operate in the depletion mode, the IGFET may 
be either a depletion-mode device or an enhancement-mode device. 


Depletion-Mode IGFET 


The basic structure of a depletion-mode IGFET is shown in Figure 7-10A. Here, 
note that the metal gate is insulated from the channel by the layer of silicon 
dioxide. Note that. an additional lead is connected to the substrate. In many 
IGFETs, this additional (substrate) lead is internally connected to the source; 
some IGFETs make the connection to the substrate available as a fourth external 
lead. For simplicity, we will concentrate on those applications where the substrate 
lead is either internally or externally connected to the source. 
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Figure 7-10 


The N-channel depletion-mode IGFET (MOSFET). 
A. Construction. 
B. Schematic symbol. 


The schematic symbol of an N-channel depletion-mode IGFET is shown in Figure 
7-10B. Here, the drain, source, gate, and substrate leads are identified respec- 
tively by the letters D, S, G, and either SS or B. Furthermore, the arrow on 
the substrate lead points inward. As you might suppose, the arrow on the sub- 
strate lead of a P-channel depletion-mode IGFET would point outward as shown 
in Figure 7-11. 


чь SS OR B 


Figure 7-11 


Schematic symbol of a P-channel depletion-mode 
IGFET (MOSFET) 
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Figure 7-12 


Transconductance and drain curves for an N-channel depletion- 
mode IGFET. Note that this normally-on device operates in the 
enhancement-mode for positive Vas values. 

A. Transconductance curve. 

B. Drain curves. 
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Negative and Positive Vas Values 


Due to the insulating layer, the gate and channel do not form a conventional 
PN junction. However, a voltage applied between the insulated metal gate and 
source still controls the conductivity of the channel. Therefore, this voltage also 
controls the amount of drain current. Furthermore, both negative and positive 
Ves values are permitted since the insulating layer of silicon dioxide prevents 
current from flowing through the gate lead. 


For negative values of Vas, the IGFET operates in a manner that is similar to 
a conventional JFET. This is apparent from an examination of the device's trans- 
conductance and drain curves shown in Figure 7-12. For negative Vgs values, 
the curves are essentially identical to those of an N-channel JFET. The term 
depletion-mode device arises from the fact that a negative gate-to-source voltage 
is required to “deplete” the conducting channel of electrons, and therefore reduce 
the value of the drain current. 


Like the depletion mode JFET described earlier, the depletion-mode IGFET con- 
ducts a substantial amount of current, loss, when Ves = 0. For this reason, 
all depletion-mode devices, whether junction or insulated gate types, are said 
to be normally-conducting or normally-on when their gate-to-source voltages 
are zero. 


Positive values of Vas increase, or enhance, the number of electrons in the con- 
ducting channel of an N-channel IGFET. As shown in Figure 7-12, positive values 
of Ves produce drain currents larger than Ipss. This is quite different from the 
operation of a JFET, where positive values of Vas are not permitted because 
the PN junction formed by the gate and channel would become forward biased. 


The essential difference between a JFET and a depletion-mode IGFET is that 
the JFET can only operate in the depletion mode. An IGFET, on the other hand, 
can be biased to operate in either the depletion or enhancement mode. 
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Drain Current Formulas 


The equation for the transconductance curve in Figure 7-12A is: 


Ves 
Мезон) 


lp = Ipss[1 — 





J (Eq. 7-9) 


Since Vas can be positive or negative, the expression Ves/Vascor) will be positive 
when Ves is negative, and negative when Ves is positive. Since this can be 
confusing, it is advisable to divide Equation 7-9 into two parts as follows: 


When Ус» is negative: 








lo = lei - 99 Ж (Eq 7-9(9) 
Маот! 
Similarly, when Ves is positive: 
о = авї + VSS (Ба, 7-9(b) 
[Vason] 


Example 7-4 


An N-channel depletion-mode IGFET has an Ipss of 6mA, and 
а свою of —4V. Estimate the drain current for Vgs = 0, — 1V, 
and +1V. 


When Ves = 0, Ip = loss or 6mA. 


When Vas is negative, Ip is calculated using Equation 7-9(a). Thus, for Ves = 
—1V: 


[Vasl 


P 
азот) 


Ip = loss - 
1V 
lp = 6mA[1 — ay = 6mA(0.5625) = 3.375mA 
When Ves is positive, Equation 7-9(b) is used to calculate the drain current. 


Thus, for Vas = 1V: 


Маві 2 


l= lose = 
IVastorol 


1V 
lp = бтА[1 + ДТ = 6mA(1.5625) = 9.375mA 
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Enhancement-Mode IGFET 


An IGFET which functions as a normally-off device is shown in Figure 7-13A. 
This device is similar to the depletion-mode IGFET in Figure 7-10A, but it does 
not have a conducting channel that is imbedded in the substrate material. Instead, 
the device has source and drain regions that are diffused separately into the 
substrate. 


In Figure 7-13A, the drain current is zero when Ves = 0. This is because no 
conducting channel exists between the source and drain regions. For this reason, 
Ipss = 0 in an enhancement-mode IGFET. Similarly, Ip = 0 for negative values 
of Ves. 


If the gate-to-source voltage is sufficiently positive, a conducting channel is in- 
duced between the source and drain regions. The action that takes place is similar 
to the action that takes place in a charging capacitor. In this case, the metal 
gate and substrate function as the upper and lower plates of a capacitor and 
the insulating layer functions as the dielectric. When the positive gate voltage 
charges the “capacitor” so that a negative charge builds up on the substrate 
plate, an induced N-type channel is formed. Furthermore, an increase in gate 
voltage tends to increase or enhance the conductivity of the induced channel. 
For this reason, the device in Figure 7-13A is referred to as an N-channel 
enhancement-mode IGFET. 
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Figure 7-13 
The N-channel enhancement-mode IGFET (MOSFET). 


S A. Construction. 
B. Schematic symbol. 


SCHEMATIC SYMBOL 
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The schematic symbol for an N-channel, enhancement-mode IGFET is shown 
in Figure 7-12B. Notice that this symbol is similar to the symbol for the N-channel 
depletion-mode IGFET. The only difference is the use of a broken line instead 
of a solid line to interconnect the source, drain, and substrate regions. The solid 
line identifies the normally-on condition of the depletion-mode device, while the 
broken line is used to identify the normally-off condition of the enhancement-mode 
device. Once again, the schematic symbol for the P-channel device has the sub- 
strate arrow pointing outwards, as shown in Figure 7-14. 
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Figure 7-14 


Schematic symbol of a P-channel enhancement-mode 
IGFET (MOSFET). 


Characteristic Curves 


The transconductance and drain curves for an N-channel enhancement-mode 
IGFET are shown in Figures 7-15A and 7-15B respectively. 


The drain curves in Figure 7-15B have the same general shape as those for 
an N-channel JFET or an N-channel depletion-mode IGFET. The basic difference 
is that only positive Vas values are plotted in Figure 7-15B, since the device 
can only operate in the enhancement region. 
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In Figure 7-15A note that, for drain current to flow, the gate-to-source voltage 
must exceed the value of the gate-to-source threshold voltage, Vast. Vest is 
usually one volt or more. With appropriate biasing, the enhancement-mode device 
makes an excellent switch. It can be turned on by a sufficiently high gate voltage. 
The inherent threshold of the device provides a highly desirable region of noise 
immunity that prevents low or intermediate noise voltages, less than Vest, from 
falsely triggering the device on. This characteristic makes the enhancement-mode 
device ideal for digital applications. 


As shown in Figure 7-15A, the drain current corresponding to a value of Vas? Vasr 
is also indicated on the device's transconductance curve. Data sheets often pro- 
vide the value of Vason required to produce a drain current, ІП(оп) that approxi- 
mately equals the maximum value given on the family of drain curves. 
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Figure 7-15 


Transconductance and drain curves for an N-channel enhancement- 
mode IGFET. Note that this normally-off device only operates in 
the enhancement region. 

A. Transconductance curve. 
B. Drain curves. 
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Drain Current Formula 


The transconductance curve of an enhancement-mode IGFET is described by: 
lp = K(Ves — Vast)? (Ед. 7-10) 


Where: K = constant for a particular type enhancement-mode IGFET. 
Vest = gate-to-source threshold voltage. 


Obviously, Equation 7-10 is only valid for values of Vas > Vest. Values of Ves 
< Vest result in a drain current, Ip, of essentially zero. 


Example 7-5 


The transconductance curve for an N-channel enhancement- 
mode IGFET is shown in Figure 7-16. Estimate the value of 
K for the device. Also, estimate the drain current if Vgs = 
3V. 


In Figure 7-16, Vest = 2V. Also, when Vas =4V, lp = 10mA. Thus, the only 
unknown in Equation 7-10 is the value of the constant K. Solving for K in Equation 
7-10 yields: 


= ! D 
(Vas — Vast)? 


Thus: 


Now, when Vas = 3V, lp is: 


Ip = K(Vas — Vest)? 
Ip = 2.5 x 10 -3[3V - 2V]? = 2.5mA 
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Transconductance curve for Example 7-5. 


Safety Precautions 


When you are using any IGFET, you must observe certain precautions. As with 
any solid-state component, it is necessary to check the manufacturer’s maximum 
ratings so that the device is not damaged by excessively high operating voltages 
or currents. However, it is particularly important to observe the FET’s maximum 
allowable gate-to-source voltages (Vas). An IGFET (MOSFET) can accept only 
a limited range of Vas values because of the extremely thin silicon dioxide insulat- 
ing layer that separates it's gate and channel. If Vas is increased too much, 
the thin insulating layer will be punctured and the device will be ruined. In fact, 
the insulating layer is so sensitive that it can even be damaged by static charges 
that build up on the FET's leads. For example, the electrostatic charges on your 
fingers can be transferred to the FET's leads while you are handling the device 
or when you are mounting it in a circuit. The device could therefore be ruined 
before it is used. To avoid this type of damage, manufacturers usually ship these 
devices with their leads shorted together so that static charges cannot build up 
between the leads. The leads may be wrapped with a shorting wire, inserted 
within a shorting ring, pressed into a conducting foam material, or simply taped 
together. These shorting devices should not be removed until the FET is com- 
pletely installed in it’s respective circuit. 
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Most modern IGFETS are protected by zener diodes which are electrically con- 
nected between each insulated gate and the transistor's source inside the device. 
These diodes offer protection against static discharge and in-circuit transients 
without the need for external shorting mechanisms. 


You can handle devices that do not include gate-protection diodes safely if you 
observe the following basic precautions: 


1. Before you connect it into a circuit, keep all of the leads shorted 
together. Use the metal shorting rings attached to the device by 
the manufacturers, or insert them into some kind of conductive 
material. Aluminum foil is sometimes used since it can be readily 
torn away after the device is installed. 


2. When you remove a device from its carrier, ground the hand you 
are using by any suitable means, for example, with a metallic 
wristband. 


3. Ground the tip of your soldering iron before you solder the device. 


4. Never insert the device into a circuit or remove it with the power 
on. 


These precautions apply to both depletion and enhancement-mode IGFETS 
(MOSFETs). 


VMOS and CMOS 


Until recently, commercially available FETs were relatively low power devices. 
For a given power rating, the chip area required to fabricate an FET was consider- 
ably larger than a comparable BJT. Consequently, even medium power FETs 
were very expensive. 


Vertical MOS, or VMOS, is a relatively new FET technology that has provided 
economical high power FETs. The basic structure of the device is illustrated in 
Figure 7-17. In most applications, the two sources are connected together. In 
any event, current flow follows a vertical path, rather than a horizontal path as 
in a conventional enhancement-mode IGFET. Due to the reduced channel length 
and the fact that the V groove creates two channels, the current density and 
power handling ability of the device is increased significantly. 
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Figure 7-17 
Structure of a VMOS FET. 


Complementary MOS or CMOS circuits use both P-channel and N-channel 
enhancement-mode MOSFETs. The principle advantages of CMOS circuits are 
high noise immunity and low power consumption. These characteristics make 
CMOS very popular for digital applications. 


A CMOS logic inverter is shown in Figure 7-18. Here, the input signal, A, drives 
the gates of each enhancement-mode MOSFET simultaneously. When the input 
goes positive, the P-channel MOSFET is cut off and the N-channel MOSFET 
conducts. In this case, vo is essentially zero since the voltage across the N- 
channel MOSFET is essentially zero. Similarly, when the input is low, the P- 
channel MOSFET turns on and the N-channel MOSFET is cut off. In this instance, 
the output is connected to +5V through the P-channel MOSFET. Since the on 
resistance of the conducting MOSFET is small compared to Ri, vo essentially 
equals the supply voltage or 5V in this example. 


+5V 
P-CHANNEL 


5N 5у 
Sume NI 
OV OV 





N-CHANNEL 


Figure 7-18 


ACMOS logic inverter. 
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FET/BJT Comparisons 


Compared to BJTs, FETs offer the following advantages. 
1. Large input resistance. 
2. Less internally generated noise. 
3. Largely immune to radiation. 
4. Less sensitive to temperature variations. 


5. Easier to fabricate. This makes IGFETs especially suitable for LSI 
integrated circuits. 


Generally speaking, FET circuits provide less voltage gain than comparable BJT 
circuits. In addition, for a specified output voltage, FET circuits usually require 
larger supply voltages than BJT circuits. Furthermore, conventional FET large- 
signal amplifiers exhibit more nonlinear distortion than comparable BJT amplifiers. 
For these reasons, FETs are not always superior to BJTs. As always, the specific 
application dictates which device is preferable. 
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Self-Test Review 


10. 


The value of Ip, when Vas = 015 
A JFET can only operate inthe ____________ -mode. 


A device that can operate in the depletion- or enhancement-mode is the 
„n= mmi mode IGFET. 


loss “-------------- огап enhancement-mode IGFET. 
Another name for an IGFET isa ———~— |. | | . 


An enhancement-mode MOSFET is an example of a normally- 
device. 


A depletion-mode MOSFET is an example of a normaly- — | de- 
vice. 


An enhancement-mode IGFET has Vest = 3V, Ipss = 0, Іооп = 10тА, 
and Vesion) = 5V. The value of K, therefore is 


When IGFETs are not installed in a circuit the leads should be shorted 
together to prevent damage from 


A depletion-mode IGFET has Vas(ory = —4V, and loss = 2.5mA. 








(a) lb = —— when Vas = OV. 
(D ір“-----------МЛһепУсе- +2V. 
(с) Ір-“------------МЛлелУсе--2У. 
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Answers 


loss 
depletion 
depletion 
zero 
MOSFET 


off 





on 

2.5 x 107° 
electrostatic charges 
(a) 2.5mA 

(b) 5.625mA 


(c) 0.625mA 
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The solution to questions 8 and 10 follow: 
8. = K(Vas — Vast)” 
Thus: 


Ip 
See 

(Vas - Vast) 

Since lp = Ip(on) = 10mA, and Ves = Vaston) — 5V we have: 


lo 10mA -3 
K= р = р = 25x 10 
(Ves - Vest) (SV - 3V) 


10. (a) When Ves = О, Ip = Ipss or 2.5mA in this case. 
(D) For positive Vas values: 


V 
ee eee 
Мез) 

Thus, for Vas = + 2%: 

av > 5 

Ip = 2.5тА[1 + av! = 2.5mA(1.5)* = 5.625mA 

(c) For negative Vas values: 


[Vasl 


Boves [Vascon] г 
Thus, for Vas = — 2V: 


2N 
Ip = 2.5mA[1 — ай = 2.5mA(0.5)? = 0.625mA 


7-38 | UNIT SEVEN 


FET CIRCUIT ANALYSIS AND DESIGN 


In this portion of the unit we will discuss the analysis and design of selected 
FET circuits. In discrete circuits, JFETs are used more frequently than IGFETs. 
For this reason, our discussion will emphasize the analysis and design of several 
popular JFET circuits. 


Small signal FET amplifiers are classified as common-source, common-drain, 
or common-gate circuits. This system of classification is directly analogous to 
the BJT common-emitter, common-collector, and common-base circuits dis- 
cussed previously. Consequently, common-source circuits are widely used as 
voltage amplifiers. Similarly, common-drain circuits are used as buffers to match 
impedances. The common-gate circuit is less frequently encountered since, like 
a common-base BUT circuit, its input resistance is quite small. 


JFET Biasing Schemes 


A JFET biasing scheme especially useful for small-signal amplifiers is the self- 
bias circuit shown in Figure 7-19. Here, the loop equation for the gate circuit 
is: 


Ves = IsRs x І-Вс ты 0 


Due to the JFETs large input resistance, the gate current, ls, is essentially zero. 
Consequently, ІсВес = 0. Thus: 


Ves = —IsRs (Eq. 7-11) 


Equation 7-11 indicates that the Q point is established by applying the voltage 
dropped across Rs to the gate. Since an external bias voltage is not required, 
the term self-bias is used to describe the circuit action. 
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Frequently, graphical methods are employed for the analysis and design of JFET 
circuits. The following example serves to introduce the appropriate procedure 
for a self-bias JFET circuit. 





Figure 7-19 


Self-bias. 


Example 7-6 


Calculate the values of Ino and Усво for the circuit shown 
in Figure 7-20. 


Regardless of the value of Ic, in most BUT circuits Уне is approximately 0.7V. 
In FET circuits, however, Vas varies significantly with changes in Ip. Because 
of this, the analysis of many JFET circuits requires graphical, or a combination 
of graphical and analytical, methods. 


18V 


эко 
Ipss= 6mA 
mo = 3т5 
IMQ 
4000 
Figure 7-20 


= к Circuit for Example 7-6. 
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In the case of a self-bias circuit, you can use the following procedure to determine 
the quiescent values of drain current and gate-to-source voltage. 


1. 


Assuming loss апа gmo are known, calculate |Vas(or| from Equation 
7-6. 


2loss 
[Veson = —— 
Qmo 


If the JFET’s transconductance curve is available, proceed to step 
3. If the JFET’s transconductance curve is not available, use Equa- 
tion 7-3 to obtain the data necessary to plot the curve. 


\Vesl р 


Ip = loss[1 — 
|Vescor| 


Once you have the necessary data, plot the curve. 


Since Іс = 0, Ip = Is. Therefore, Equation 7-11 is equivalent to: 
Ves = —lpRs 


The graph of this equation provides the self-bias curve. The inter- 
section of the self-bias curve and the transconductance curve indi- 
cate the DC operating point. Furthermore, since the graph of Equa- 
tion 7-11 is a straight line, only two data points are necessary 
to plot the curve. These points occur when: 


Ves = 0, Ip = 0. 
Thus one point on the self-bias curve is the origin. And when: 


-(-1V) _ 1V 


Ves = -1V,lp = 
Gs D Rs Rs 
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Thus, a second point, point P, on the self-bias curve is: 


1V 
Ves = -1V,lp = — (Point P) 
Rs 


Step 3 consists of plotting the self-bias curve, by drawing a 
line through point P and the origin. 


4. Locate the point corresponding to the intersection of the two 
curves. This point, point Q,. is the DC operating point. Read the 
values of Ipo and Vaso. 


Applying the procedure to the problem at hand: 


2lpss 2(6mA) 
1. V. = —— = —— = 4V 
[Vason] E am 


2. From Equation (7-3), the following data is obtained. 


Ves) — lesdi- Mese ытд) 


lVesiorn| 
4 
-4 бтА[1 - — ] = 0 
4 
-3.5 6mA[1 — >P = 0.094 
-3 6mA[1 — Zp = 0.375 
-2.5 6mA[1 — 27 = 0.844 
2 
-2 6mA[ - — J] = 1.5 
4 
-1.5 6mA[1 — T - 2.34 
1 
ex 6mA[1 — E re 3.38 
-0.5 6mA[1 — TP - 4.6 
о 
0 бтА[1 – — P = 6 
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By plotting the various Vas, lp points the transconductance curve 
shown in Figure 7-21 was obtained. 


3. The coordinates of point P are Vas = —1V and: 
1V 1V 
lp = — = —— = 2.5тА 
Rs 4000 


Drawing a line through point P and the origin produces the 
Rs = 400 bias line shown in Figure 7-21. 


4. The intersection of the bias line and the transconductance curve 
provide a Q point at: 





Ipo = 3mA 
Vesa = —1.2V 
Ip (mA) 
6 
BIAS МЕ 
4 
mirc y -— lyg-3mA 
зле re 2. 5mA 
TRANSCONDUCTANCE 2 


V esol 2V 


Figure 7-21 


Graphical solution for Example 7-6. 
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Example 7-7 


Calculate the terminal-to-ground voltage for the circuit in Fig- 
ure 7-20. Also calculate values for Vpso, Pog, and the approxi- 
mate transconductance under quiescent conditions. 


In BJT circuits, the various DC voltages can be calculated once the value of 
Іс is known. Similarly, in FET circuits the analogous DC voltages are easily calcu- 
lated once the value of Ip is known. 


Referring to Figure 7-20: 


Since Іс = 0, the voltage drop across the 1M gate resistor is essentially zero. 
Thus, Ус = 0. 


Vs = 1585 
Vs = 3mA(4000) = 1.2% 


Vp = Уго - !pRp 
Vp = 18V — 3mA(3KQ) = 9V 


Vos = Vp - Vs 
Vos = 9V — 1.2V = 7.8V = Vosa 


Ppa = Vosaloa 
Ppa = 7.8V(3mA) = 23.4mW 
Ото is the value of gm, when Ves = 0. 
By employing Equation 7-7, or the normalized curve in Figure 7-9, you can esti- 


mate the value of gm corresponding to any value of Vas between 0 and Моѕот: 
Thus: 


[Vasl 


= 1- === 
Om = Jmol Neseni 


1.2V 
Om = 3mS[1 – Ww = 3mS(0.7) = 2.1MS = дњо 


If you prefer, you can calculate g,, from the normalized curve in Figure 7-9 as 
follows: 





In Figure 7-9, the value of gm’ Imo corresponding to Vas/Vas(ory = 0.3 is 0.7. Thus: 


gm = 0.7 бњо 
gm = 0.7 (3MS) = 2.1mS = gro 
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Voltage Divider Bias 


A second JFET biasing scheme is the voltage divider circuit shown in Figure 
7-22A. By Thevenizing the voltage divider portion of the circuit, you obtain the 
equivalent circuit in Figure 7-22B. Here: 


VpoR> 
GG TH В, + R; (Eq. 7-12) 
Re = Втн = R;||Rə (Eq. 7-13) 


In Figure 7-22B, the loop equation in the gate circuit is: 
Vas + IsRs — Vee + IcRa = 0 
Since Ig = 0 and Ip = 15 we have: 
Ves = Vee —IpRs (Ед. 7-14) 


Equation 7-14 is the equation of the circuit's bias line. Solving for Ip yields: 


Мв — V 
ipd (Eq. 7-15) 
Rs 
Yop 
® meo tp 
R R 
! А RTH = Ко Кр 
І 
< G 
V 
2 S 
ES 
is] a 
ORIGINAL CIRCUIT THEVENIN EQUIVALENT 
Figure 7-22 
Voltage-divider bias. 


A. Original circuit. 
B. Thevenin equivalent. 
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In a self-bias circuit, Ip varies directly with the value of Vas. Equation 7-15 indi- 
cates that with voltage-divider bias, the value of lp depends upon the value of 
Vas, and Vac — which is essentially constant. For this reason, the Q point with 
voltage divider bias is somewhat more stable than with self-bias. 


The procedure for analyzing a voltage-divider FET biasing scheme is similar to 
the one employed for the self-bias circuit. The essential difference is in the con- 
struction of the bias line on the JFET's transconductance curve. Specifically, the 
following procedure can be employed to determine Іо and Vaso for the voltage- 
divider circuit. 


1. Calculate |Vesiorn| 


2loss 
[Vasen] = —— 
Ото 


2. Obtain the JFET’s transconductance curve from the data sheet 
or Equation 7-3. 


IVasl 2 


Ip = loss[1 - 
IVascotol 


3. For the voltage-divider circuit, the equation of the bias line is: 


Vas = Vac – 185 


When Vas = 0, lb = Vac/Rs. This defines one point on the bias 
line, P+, as shown in Figure 7-23. 





Figure 7-23 


Constructing the bias line for the voltage-divider biasing scheme. 
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By selecting some convenient, non-zero, value of Vas, Ves, the 
coordinates of a second point, P2, on the bias line can be deter- 
mined. Specifically, when: 


Vac — Vek 
Ves Neko aoe mI 
Rs 
For example, if Ves = —1V is selected, the corresponding value 
Of Ipis: 


e EXE 
Rs Rs 


lp = 


As shown in Figure 7-23, the voltage-divider bias line is constructed 
by drawing a line through points P, and P2. 


4. The intersection of the bias line and transconductance curve define 
the operating point, Q. Thus, once the bias line На been con- 
structed, you simply note the values of Ipo апа Vasa іп the same 
manner as you did with the self-bias circuit. 


Example 7-8 


The circuit shown in Figure 7-24 uses the JFET of Example 
7-6. Thus Ipss = 6MA, бто = 3mS, and Vaspor = —4V. Work 
out values of Ipo, Vaso, and Vpsq: 


22V 
1.44MQ 3kQ 
IMQ 3. 4kQ 
Figure 7-24 


Circuit for Example 7-8. 
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Since the JFET is the same as in Example 7-6, steps 1 and 2 of the analysis 
are identical to steps 1 and 2 in Example 7-6. 


Proceeding to step 3 we have: 


VooRe _ 22V(IMO) 
В, + R2 1. 44МО + 1MQ 


To determine the coordinates of P2, we arbitrarily select Veg = 
— 1V. Thus: 


MONT tod 
(2. Meo Mab |, 9V (C Tn o gana 
Rs зако 


By drawing а line that passes through points P+ and P2, you can 
obtain the bias line shown in Figure 7-25. 





Figure 7-25 


Graphical solution for Example 7-8. 
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4. Іп Figure 7-25, the intersection of the transconductance curve and 
bias line provide a Q point at: 


log = ЗтА 
Vaso = -1.2У 


Since Ipo = 3mA: 
Vs = IsRs = 3mA(3.4kQ) = 10.2V 


Vp = Vop == lpRp 
Vp = 22V - S3mA(3kQ) = 13V 


Vos = Vo зі Vs = 13V — 10.2V = 2.8V = Vosa 


Parameter Variations 
The basic JFET parameters include Ipss, Усв(оғ), and gmo. Unfortunately, for a 
given type JFET, there is considerable unit-to-unit variations in the values of 


these parameters. 


For example, let’s assume the data sheet for a certain JFET lists the following 
values: 


Minimum Maximum 





loss З.5тА 10тА 
Ото 3.5mS 5mS 
2lpss Дь ; 
Since |Vasiorp] = , the minimum and maximum values of |Vas(orp| are: 
sein] Sey (Minimum) 
ЕСТЕН 
_ 2(10тА) _ ! 
|Vesten| = INC MEE 4V (Maximum) 


Based on the minimum and maximum values of Ipss of Vas(ory, you would expect 
the actual transconductance curve of a particular unit to lie within the range indi- 
cated by the "worst-case", or limiting, transconductance curves as shown in Figure 
7-26. 
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(v) -4 -3 -2 -1 0 


V IP s 
6S (oro n) = 2V 


V EL 
65 ior mex = -4V 


Figure 7-26 


Parameter variations. 
The indicated parameter variations result in an actual operating point 
that is between the limits established by Q, and О». 


For purposes of comparison, а 2390 self-bias line has been included in Figure 
7-26. Note that, if a particular unit has loss and Vesior) values that are maximum, 
the operating point, Q, is: 


Ipo = 4.75mA 
а, 
Vesa = —1.2\/ 


Similarly, if a particular unit has loss and Vesior) values that are minimum, the 
operating point, Q, is: 


Q; 
Valo?« —0:5V 


In some applications, the spread in Ipo values illustrated by the preceeding exam- 
ple are unacceptable. For such applications, a third type of biasing scheme, called 
current-source bias, is often employed. 
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Current-Source Bias 


In this biasing scheme, the value of the source and drain currents are fixed by 
employing a constant-source that is effectively connected in series with the source 
lead. An example of current-source bias is provided in Figure 7-27. Here, the 
BJT, To, is used to provide a constant source current for the FET, Т,. 


In Figure 7-27 the voltage developed across R» is: 


VppRe 
у БА) 
паси; E 


The voltage across the emitter resistor of the BJT is therefore: 
Vn, = Va, xd Vee 
From Ohm’s law, the emitter current is: 


Vn, — Vee 


1 = 
Е Re 


Since lg = 15 = lp, we have: 


Vg, = V 
lp — wm m (Eq. 7-16) 


Equation 7-16 indicates that the JFET's drain current, Ip, is essentially constant, 
and therefore independent of variations in the JFET's parameters. 


Уор 


7 E Figure 7-27 


= | I, Current-source bias. 
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Example 7-9 


Calculate the quiescent drain current for the circuit shown in 
Figure 7-28. 


v, = Мә _ _ 40V(33KQ) _ gay 
ЊВ, + В,  100kQ + 33kQ 


Vg, - V 9.92V — 0.7V 
lp = le Е ВЕЕ 1.96mA 
Re 47к0 


То see how variations іп Ipss and Vastg affect the operation of а current-source 
bias circuit, let's assume the JFET in Figure 7-28 has the following specifications. 


3.5mA < lpss < 10mA 


2V « \Уаз(ов)/ <4V 


40V 


10kQ 


100kQ 


is 4.7kQ 


Figure 7-28 


Circuit for Example 7-9. 
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Furthermore, let's assume the JFET’s worst case transconductance curves are 
available, and appear as shown in Figure 7-29. 


Iy (mA) 
I = 
10 «— OSS па) 10mA 
8 
6 
4 
=—— DSS mi F 3.5mA 





Ipg = 1. 96mA Q 
1 


Figure 7-29 


Worst case transconductance curves for the JFET in Figure 7-28. 
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Referring to Figure 7-28 and Figure 7-29, the following points should be noted. 


1. Since the BJT acts like a constant current source, lbo = le, or 
1.96mA in this case. 


2. For the minimum curve, an Ipo of 1.96mA results in Vaso = 
— O.6V. Similarly, for the maximum curve, ап Ipo of 1.96mA produc- 
es a Vasa of —2.3V. 


3. To ensure that the gate is reverse biased, component values must 
be selected so that Ipo < lpss(MiN) 


Based on the previous observations, it is clear that current-source bias stabilizes 
Ipo against large variations in the JFET's parameters. However, for a given JFET, 
the value of Vaso depends upon the specific values of loss and Мсѕсон), since 
these parameters determine the endpoints of the actual transconductance curve. 


Example 7-10 


In Figure 7-28, the JFET has the following specifications: 
Ipss(wiN) = 3.5mA [Vastoin = 2V. 
Ipss(max = 10mA Vasiomnlmax = 4V 


(a) Calculate the average Ipss and [Vesjor”/ values for a typical 


JFET. 


(b) Using the values obtained in (a), estimate the value of 
Vesa: 


(c) Based on the value of Vasg obtained in (b), calculate the 
various terminal-to-ground voltages. Also calculate the 
value of Vpsg and Vceg. 


Іре<(мім) + lpss(MAX) 
(a) Ipsstavg) = =ош KES 


3.5mA + 10тА 
Ipss(avg) = — e = 6.75тА 


V ... Моәзотімін) + [Vasroml мах) 
Vj —— == 


2V + 4V 
Vescernl(avg) = тош? 3V 
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l 1.96mA 
(b) Oe: Ae eB 
loss 6.75mA 





Referring to Figure 7-8, you find that ап lp/lpss ratio of 0.29 corresponds 
to a Vas/Vasior) ratio of approximately 0.46. Thus, in Figure 7-30: 


Ves = 0.46\/ссон) 
Ves = 0.46(—3V) = -1.38У = Vaso 





Figure 7-30 


Approximate terminal-to-ground voltages for Example 7-10. 
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VooRo _ 40V(83KQ) о 
А, + А. — 100kQ + 33kQ 





(c) Ув = Va, = 
Ve = Vg - Vee = 9.92У — 0.7V = 9.22V 
Since ls = 0, the voltage drop across the 1MQ gate resistor is approximately 
0V. Thus: 


Ve = Vsa = 9.92V 


Since the collector and source leads are connected together, Vc = Vs. 
Therefore: 


Vs = Ves + Vac + Va, 
Vs = 1.38V + 0 + 9.92V 
Vs = 11.ЗУ = Vc 


Vp = Мр = IpHp 
Vp = 40V - 1.96mA(10kQ) = 20.4V 


Vos = Vos - Vs 
Vos = 20.4V — 11.3V = 9.1V = Voso 


Ус = Vc - Ve 
Vcg = 11.3V — 9.22V = 2.08V = Усғо 


Biasing MOSFETs 


For negative values of Vas, the operation of an N-channel depletion-mode 
MOSFET is essentially the same as the operation of an N-channel JFET. There- 
fore, the JFET biasing schemes discussed previously can be used with depletion- 
mode MOSFETs, assuming the MOSFET operates in the depletion region. 
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As an example, consider the self-bias circuit shown in Figure 7-31A. To determine 
the values of Ipo and Vesa, an Rs = 3000 self-bias line is constructed as shown 
in Figure 7-31B. Obviously, the intersection of the self-bias line and transconduc- 
tance curve provide the desired Q-point values. 


® ° 


1.95kQ 


1MQ К с =3000 


CIRCUIT 





ү 
65 (off) 


TRANSCONDUCTANCE CURVE AND 3000 BIAS LINE 


Figure 7-31 


Self-bias of a depletion-mode MOSFET. 


A. Circuit. 
B. Transconductance curve and 3000 bias line. 
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A special case of self-bias, called zero bias, occurs when Ves = 0, as shown 
in Figure 7-32. Here, Vs = 0, Rs = 0, Ус = 0, and ls = 0. For this reason, 
Vas also equals 0. As you know, lp = loss when Ves = 0. Hence, the operating 
point appears as shown in Figure 7-32B. Zero bias is a popular biasing scheme 
for depletion-mode MOSFETs due to its inherent simplicity. Unfortunately, zero 
bias cannot be used with JFETs or enhancement-mode MOSFETs. 


@ ? 


1kQ 


CIRCUIT 


Q4 1ро=1р$5$=13тА 


V - 
oo a 
65 (off) 


TRANSCONDUCTANCE CURVE 
Figure 7-32 
Zero-bias of a depletion-mode MOSFET. 


A. Circuit. 
B. Transconductance curve. 





A popular biasing scheme for enhancement-mode MOSFETs is shown in the 
drain feedback circuit shown in Figure 7-33A. Неге, Vps = Vas, since the voltage 
drop across Rg is essentially zero. In Figure 7-33A, the drain-to-source voltage, 
Vos, is: 


Vos = Мр - loRo 
When Vps = 0, Ip = Ip(sat) = Vpo/Ro. Similarly, when Ip = 0, Vos = Vost(cut) 
— Vpp. The circuits operating point is obtained by constructing the DC load 
line on the transconductance curve as shown in Figure 7-33B. In this case, the 


intersection of the DC load line and transconductance curve establish an operating 
point at оо = 2mA and Ves = Моо at 6V. 


Урр=12У 


@ Rpz3kQ 


15MQ Vos 


CIRCUIT 






2mA DC LOAD LINE 


Ves=Vos 


у 
DS (off) 


TRANSCONDUCTANCE CURVE AND DC LOAD LINE 


Figure 7-33 


Drain-feedback bias of an enhancement-mode MOSFET. 
A. Circuit. 
B. Transconductance curve and DC load line. 
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Common-Source Voltage Amplifiers 


An examination of transconductance and drain curves suggests the small-signal 
JFET model shown in Figure 7-34. Here, rg represents the input resistance looking 
into the gate-source terminals of the JFET. Similarly, rg represents the output 
resistance between the drain and source terminals. Typically, ra > 100M. For 
this reason, we will assume rg acts like an open circuit. The reciprocal of gos, 
given on the JFET's data sheet, provides the approximate value of r4. Typically, 
Га > 100КО. Consequently, га can also be assumed to approximate an open 
circuit when га >> Rp. As a guide, we will neglect rg when Rp is equal to or 
less than 10К0. 


Figure 7-34 


Small-signal JFET model. 
In most circuits, rg and rg are approximated by open circuits. 
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SELF BIAS VOLTAGE-DIVIDER BIAS 


ТЕЛ 
+ 





AC EQUIVALENT CIRCUIT 


Figure 7-35 


Common-source voltage amplifiers. 
A. Self-bias. 
B. Voltage-divider bias. 
C. AC equivalent circuit. 
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By adding coupling and bypass capacitors to the self-bias and voltage-divider 
bias circuits, you obtain the common-source amplifiers shown in Figure 7-35A 
and Figure 7-35B respectively. The AC equivalent circuit in Figure 7-35C is ob- 
tained by reducing Vpp to zero, shorting the coupling and bypass capacitors, 
and replacing the JFET with its small-signal model. 


With reference to Figure 7-35C, a number of useful expressions can be derived 
as follows: 


By inspection vo = — ir. Since ig = gmvgs, we have: 


Vo = — 909. (1) 


Starting at the gate terminal, G, and selecting a counterclockwise path we note 
that: 


Vgs = VIN — égRs, 
Vgs = VIN 7 JmvgsRs, (2) 


Solving (2) for ум yields: 


VIN = Vgs + 9mvgsRs, 
VIN = vgs(1 + gmRs,) (3) 


By definition, Ay = vo/viw. Thus, dividing equation (1) by equation (3) yields: 


AE — GmVgs'L ке. у От. 
А vgs(1 T gmRs,) 1+ g=Rs, 


Dividing numerator and denominator by gm. 
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Finally, defining the term 1/9, to be rs’ we have: 


—hn. 
Ay = --- Eq. 7-17 
V Re, + re" (Eq ) 


Where: ts’ = 1/gm 


Equation 7-17 is in a form that is very similar to the formula derived in Unit 
3 for the voltage gain of a BJT common-emitter amplifier. Specifically: 


Common-Source Amplifiers Common-Emitter Amplifiers 


Гү elt 
Ay = "Haan" > Ау- SEK TF E= : 
S, t rs Е? + Ге 


As you can see, Rs, replaces Re , and rs’ replaces ге’. In each case, the negative 
sign simply indicates that the output voltage is 180? out of phase with the input 
voltage. 


If the source resistor is fully bypassed, Rs, — O. For this special case, Equation 
7-17 reduces to: 


zn 
Av=— = -g«n (Eq. 7-18) 
rs 


Equation 7-18 is analogous to the BJT formula: 


=f 





Ay == ; 
Ге 


In Figure 7-35C, the input resistance seen by the signal source equals Вс. Natur- 
ally, in the voltage-divider circuit, Rg = R.||R>2. Thus: 


Ам = Ае (Ед. 7-19) 
The output resistance is described by: 

Ro = Rollta (Eq. 7-20) 
Where: ra = 1/gos 


In many circuits ra >> Rp, consequently, Ro = Rp. 
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— Example 7-11 


A DC analysis of the amplifier in Figure 7-36 was provided 
in Example 7-6. Recall that Ipg = ЗтА апа Мсѕо = —1.2V. 
Assuming га >> ЗКО, calculate the peak output voltage. Also 
estimate the input and output resistance of the amplifier. 


п = RollR. 
п = 3kQ||100kN = 2.91kN 


In order to calculate the voltage gain, the value of gm at lp = lba must first 


be determined. Since Vas = —1.2V and Ves = — 4V, the ratio of Усе/ Усе(от 
is: 
ee в 0.3 
Мовою -4У 
18V I 
DSS =6mA 
Imo = 3mS 


10тУ 
PEAK 
lkHz 





Figure 7-36 


Circuit for Example 7-11. 
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Figure 7-37 


Circuit for Example 7-12. 


Referring to Figure 7-9, note that a Ус</Уссон) ratio of 0.3 corresponds to a 
От/дто ratio of approximately, 0.7. Thus: 


9т = 0.79mo = 0.7(3mS) = 2.1mS 





Now: 
кач Toa cete dE dn 
зке eine d 
A зау en „чар эу 
VT шр Ga = у. 


Since v = 10mV peak, the magnitude of the peak output voltage is: 
vo = 6.11(10mV) = 61.1mV peak 
And: 


Rin = Re = 1M0 
Ro = Rp = 3kQ 


The manner in which coupling and bypass capacitors are connected to a common- 
source amplifier that utilizes current-source bias is illustrated in Figure 7-37. An 
AC analysis of such a circuit results in the following approximate formulas: 






Ay=- — 
rs 
Rin = Re 

Ro = Вуга = Ro 
The following example illustrates how to analyze the amplifier in Figure 7-37. 
40у 
T Ipss = 6.75тА 
у = _ 
Seq ~ 


10kQ 
100kQ 


l0uF 
T -- 


10uF 


10ту 50KQ 
PEAK 


1kHz 
100uF 
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Example 7-12 


А DC analysis of the amplifier in Figure 7-37 was provided 
in Example 7-10. Recall that Іо = 1.96mA and Vgsq = 
—1.38V. Also, recall that “average values" were used in the 
calculations due to the large unit-to-unit parameter variations. 
Using the given information, estimate the expected voltage gain 
of the circuit. For simplicity, assume rg is large enough to ne- 
glect. 


r. = 10к0|50к0 = 8.33КО 


The average values of Ipss and Vcsior) are 6.75mA and —3V respectively. Con- 
sequently, the average gmo is: 


2lpss _ 2(6.75та) 
Мәс 3V 


9то = 





= 4.5mS 


For the known bias conditions, the approximate value of gm is obtained as follows: 


Ves = А .38V 


= 0.46 








Voscotf) -3V 


Referring to Figure 7-9, the value Of 9/9 corresponding to Vas/Vas(or) = 0.46 
is approximately 0.54. Thus: 


Qm = 0.549mo 
Әт = 0.54(4.5mS) = 2.43mS 





Common-Drain Amplifiers 


The common-drain amplifier is the FET counterpart of the BJT common-collector 
amplifier. Whereas common-collector amplifiers are referred to as emitter- 
followers, common-drain amplifiers are called source-followers. 
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Two typical source-follower circuits are illustrated in Figure 7-38. Note that Rp 
= 0, and that the output is taken from the source terminal. As you might suppose, 
source-followers have voltage gains less than 1, large values of Rin, and small 


values of Ro. The following equations can be used to analyze typical source- 
follower circuits: 


Ames bees -, (Ев Л М) 


Where: п = RsI|R. 


Ге! ) 
5 ШІ — 
От 


Rn = Ве (Ед. 7-22) 


Апа: 


Ro=Relirs’ (Ед. 7-23) 


® 


C 
Phi. 
4 





SELF-BIAS VOLTAGE-DIVIDER BIAS 


Figure 7-38 


Typical common-drain, source-follower circuits. 
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Example 7-13 


Figure 7-39 illustrates a two-stage amplifier that utilizes an 
FET “front end” to obtain a large input resistance. The first 
stage is a modified version of the circuit analyzed in Example 
7-6. You can assume њо = ЗтА and въ = 2.1mS for the 
first stage. Assuming that һе for the second stage is 100, esti- 
mate the voltage gain, input resistance, and output resistance 
of the two-stage amplifier. 


18V 


10kQ 





Figure 7-39 


Circuit for Example 7-13. 


Starting with the second stage: 


18V(68kQ) 
Vg — Оу 
68kN + 68k 


Ve = 9V — 0.7V = 8.3V 


V 8.3V 
le = Se Dax 
Re 8.2kQ 
37mV 37mV 
= = = 36.60 
© E 1.01mA 


7-68 | UNIT SEVEN 


The input resistance of the second stage is: 


Rin = Rllallhre(re") 

Rin = 68kOJ68k0|100(36.60) 
Rin = 34к0|3.66к0 

Rin = 3.3k0 


The input resistance of the second stage is the effective load resistance of the 
first stage. Thus: 


п = RellRL 
r. = 4000|3.3k0 = 356.70 


Since gm = 2.1mS: 


От 2.1mS 
Thus, the voltage gain of the first stage is: 


fi. te 356.70 
i+ te’ 356.70 + 476.20 





Ay, = = 0.43 


Consequently, the total voltage gain is: 


Ау, = Av Ау, 
Av, = (0.43)( 98.1) = —42.2 


By inspection, Rin = Вс = 15M0. Similarly, Ro = Rc or 5.6k%. 
Design Considerations 


A combination of graphical and analytical methods are normally employed for 
the design of JFET circuits. Ideally, graphs of Ip vs Vas, gm VS Ves, and Ip vs 
Vp are available for the particular JFET used in the circuit. 


Unfortunately, JFET data sheets do not always supply all the desired information 
for a given JFET. In addition, since most readers probably do not have an exten- 
sive library of JFET data sheets, we will employ simplified design procedures 
that are suitable when approximate results are acceptable. 


The initial step in the design process consists of selecting a suitable value for 
Ipo. Values of Ipo that approach the value of loss impose severe limitations оп 
the available output voltage. Similarly, values of Іс considerably less than loss 
result in an operating point on the curved portion of the transconductance curve. 
In this case, even modest input signals result in an excessive amount of nonlinear 
distortion in the output signal. For these reasons, a compromise value of Ipaq 
is required. This value is usually between 40% and 60% of Ipss. 
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Let's assume Ipo is chosen so that Ip/Ipss = 0.6. Referring to Figure 7-8, we 
find that an Ip/Ipss ratio of 0.6 corresponds to a Ves/Vasiorn ratio of 0.225. Simi- 
larly, by referring to Figure 7-9, we see that а Vas/Vasior, ratio of 0.225 corres- 
ponds to a Gn/Gmo ratio of 0.774. Based on these observations, we conclude 
the following. 


When: Ip = O.6lpss: 


Vas = 0.225Vescotn 
gm = 0.7749mo 


In practice, the actual curves for a given JFET deviate somewhat from the ideal 
curves in Figure 7-8 and Figure 7-9. For this reason, the preceeding conclusions 
are only approximate. 


SELF-BIAS 


In a self-bias circuit, the value of Rs is: 


V 
ne = Ма 
Ip 


Assuming the circuit is designed so that Ip = 0.6lpss and Vas = 0.225Vas(ot; 
we have: 





.. 0:225|Vasqnl 
5 0.6loss 
22 0.375|Vasqon) 
us шыс sud 
loss 
m 2lpss 
Substituting for |Vasorn] yields: 
mo 
0. 
Py 7? ER: Tied] 
Ото 


Equation 7-24 provides a simple means of calculating a “reasonable” value of 
Rs for a self-bias circuit. Since the unit-to-unit variations in gmo are significant, 


the average gmo value is used to calculate the required value of Rs. The following 
example illustrates a typical Self-bias design problem. 
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Example 7-14 
The JFET in Figure 7-40 has the following specifications: 


Parameter Minimum Maximum 
loss 2mA 10mA 
Vast -1У -3V 
Ото 4mS 7mS 

BVess — 50V 


The amplifier in Figure 7-40 should have a typical voltage gain 
of 10, and an Rw > 800kf2. Work out values for Кс, Rs, Rp, 
and Vpp. How could values of Ci, Сг, and C; be determined? 





Figure 7-40 


“x 10” self-bias common-source amplifier. 


Field Effect Transistors | 7-71 


Since Rn = Re, а 1М0 resistor is chosen for Rg. Obviously, this satisfies the 
requirement that Rin > 800k. 


Based on the given specifications, the average parameter values are: 


loss = 6mA 
Vescoth = —2V 
(Ато = 5.5mS 


Using these average values the circuit will be designed so that Iba = O.6lpss. 
Thus: 


.75 
= —— = 18640 


R т чет sss 
8472 34 5.5mS 


Ip = 0.6Ipss = 0.6(6mA) = 3.6MA = Ipo 


gm = 0.774(Gmo) = 0.774(5.5mS) = 4.23mS = gmo 


Since Ay = – дһ, the value of rų required for a voltage gain of 10 is: 
A 1 
n- JA IS желе 2.36kQ. 
Om 4.23mS 


The required value of Rp is therefore: 


Run _ 5k0(2.36kQ) 


—— — - 4447k0 
R. Е БКО — 2.36КО 


Вь = 


The drain-to-source voltage, Vos, plus the voltage drops across Rp and Rs must 
add up to the supply voltage Vpp. Thus: 


Voo = Vos + lo(Ro + Rs) 
Voo = Vos + 3.6тА(4.47КО + 136.40) 
Моо = Vos + 16.6V 
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Obviously, Мор must be greater than 16.6V. It also should be less than BVess 
to prevent breakdown. Selecting Vps = 8V should permit ample signal swing 
in the output voltage. Consequently, we select Vpop = 25V. 


The various capacitor values are selected to provide good coupling and bypass 
action at the lowest signal frequency. Similar to the approach used for BJT circuits, 
the following formulas can be used to calculate the various capacitor values: 


3.18 318 o > 3.18 
БЕР” uu 


Voltage-Divider Bias 


In a voltage-divider circuit, the value of Rs is given by: 


Мос - Vas 
ia не 
D 


The following example illustrates the design of a voltage-divider common-source 
amplifier based on average parameter values. 


Example 7-15 


The JFET in Figure 7-41 is the same type as in Example 7-14. 
Therefore, the average parameter values are: 


loss = 6mA 
Уав(оя) = -2У 


Calculate the values for В), R2, Rs, and Rp needed to provide 
a typical voltage gain of 5. What is the amplifier’s input resis- 
tance? 
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2kQ 





Figure 7-41 


" x 5" voltage-divider common-source amplifier. 


Using average values, the circuit will be designed so that Ipo = 0.6lpss. Thus: 
lp = 0.6(6mA) = 3.6MA = Ipa 
Vas = 0.225(—2V) = -0.45У = Vasa 
gm = 0.774(5.5mS) = 4.23mS = Ото 


Somewhat arbitrarily, we choose Va, = Vee = 6V. Selecting Аг = 15КО requires 
an В, value of: 


- 15КО|24У — ev 
R, = k Vac] 2 5 = 1 _ ака 


- 6У-(-0.45У 
Rs = Noa ee DO. = 1.79к0 
D . 
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For a voltage gain of 5, the required value of r, is: 





A 5 
n- 2c шн ЕЦ (УРУТ 
Әт 4.23mS 
Rp is therefore: 
Rr _ 2k0(1.18kQ) 


hs = 2.88kQ 


Re- 2к0 - 1.18kQ 


As а check: 


Vos = Voo — lo(Ro + Rs) 
Vos = 24V — 3.6mA(2.88kO + 1.79kQ) 
Vos = 7.19V 


This is sufficiently large to provide a reasonable signal swing in the output voltage. 
Rin = А.А = 45КО15КО = 11.25k0 


The calculated value of Rin is very small for а JFET circuit. By increasing the 
values of R, and Ro, but maintaining the same ratio, the input resistance could 
be increased significantly. However, large resistance values are not always avail- 
able in the desired ratio. A better solution is illustrated by the circuit shown in 
Figure 7-42. Here, a large resistor, Вс, is connected between the gate and mid- 
pointof the voltage divider. In this case: 


Ам = R.||R;ə + Re 





2kQ 


15kQ 


1.79kQ Í 


Figure 7-42 


Modified form of the amplifier in Example 7-15 to obtain 
a large value of Fin. 
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With the simple modification, small values of R, and R2 can be used for the 
voltage-divider without decreasing the input resistance of the amplifier. 


Current-Source Bias 


To prevent the gate from becoming forward biased in a current-source bias circuit, 
you must select component values so that lp < Ipss(MIN)- 


For this reason, the following design example sets up an loa = 0.6lpsscminy rather 
than 0.61оѕѕсама). 


Ехатріе 7-16 


Assuming Ірве(мім) = 2тА, calculate the component values 
for the circuit shown in Figure 7-43. As before, assume the 
average JFET parameters are: 


lpss = 6mA 
Vescom = —2\/ 
Gmo = 5.5mS 





Figure 7-43 


“x 10" current-source amplifier for Example 7-16. 


Our basic approach is to set up an Ipo = 0.бірее(мім) ОГ 1.2mA in this example. 
For simplicity, we will assume the values of loss, Vaso, and (то equal the 
average values calculated previously. Thus: 


loo = le = 1.2mA 
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Arbitrarily we select Vg = 10V and Ro = 33k. Thus, the required value of 


В; is: 
АЯУ = V 33kN[30V — 10V 
В, = ВУ - Ve]. - _33k0[30V - 10V] = 66kQ 
Vg 10V 
Vo Мас 10V — 0.7V 
Re = --------------775к0 
Е le 1.2mA " 


The input resistance equals R‚||R2 + Вс. Selecting Rg = 1МО provides a reason- 
ably large value of Rin. Thus: 


Re = 1М0 


In order to calculate r, and Rp, you need to know the approximate value of 
gm for the given bias conditions. Using average loss we have: 


Ip 1.2mA 








=10:2 


Referring to Figure 7-8, we find that an Ip/Ipss ratio of 0.2 corresponds to а 
Уа</Уа(ону ratio of 0.55. Similarly, Figure 7-9 indicates that a Vas/Vas(orr ratio 
of 0.55 corresponds to a Gn/Gmo ratio of 0.45. Thus: 


gm = 0.459mo = 0.45(5.5mS) = 2.47mS 


Since the voltage gain is 10, the required value of г, is: 


A 10 
n- B. ME oem == 
9м 2.47mS 


The value required for Rp is therefore: 


R. = R 2 10400) egika 
Ой R-n 7100 4.05600 


With the calculated component values: 
Ve = 9.3У 


Ус = Vs = Мові + Vs 
Мс = 2V + 10V = 12V 


Vp = Мр - !рНо 
Vp = 40V — 1.2тА(6.81К0) = 31.83V 


Thus: 


Vos = Vp = Vs 
Vos = 31.83V — 12V = 19.8V 


Vcg = Vc - Ve 
Vcg = 12V - 9.3V = 2.7V 
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Self-Test Review 


11. А source-follower is another name for а common- 
amplifier. 





12. Zero bias is a popular biasing scheme for 1. |. -тоде 
MOSFETs. 


13.  Drain-feedback bias is frequently used for 
-mode MOSFETs. 


14. Assuming Omo(MIN) = 1mS and Qmo(MAX) = 5mS, Rs = —______C€. to pro- 
vide an Ip = O.6lpss in a self-bias circuit. 


Refer to Figure 7-44 for questions 15 through 20. 


21V Ipss = 10mA 
ger =e ams 
3kQ Yos = 5005 
10uF 
1 OuF 
O—3Àt 
1MQ 
3000 P 6kQ 
Figure 7-44 


Circuit for Self-Test Review questions 15-20. 
15. Vasc cepe 
16. Rin NO cce 


17. Neglecting Yos, Ro =  . . KQ. 


18. Taking yos into account, Ro = КО. 
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19. Figure 7-45 provides the JFET's transconductance curve. Using the trans- 
conductance curve, construct the bias curve for Rg = 3000. Based on 
the resulting curve, loa = -----ПА and Vasa = — — V. 


20. The voltage gain, Av, is approximately 


I (mA) 





GS С —————, — — T >=. 
(V) -5 -4 -3 22 EJ 0 


Figure 7-45 


Transconductance curve for the JFET in Figure 7-44. 
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Answers 


11. drain . IMO 

12. depletion . ЗКО 

13. enhancement .  2.61kQ 

14. 2500 . 5mA, -1.47У 


15. —5V 5.16 





The solution to appropriate questions follow: 


14. Тһе average gmo is: 


imS + 5mS 
Ото = ------- = 3mS 


75 
Rs = for Ip = 0.6loss 
Это 








= — = 2500 
5 3mS 


15. Veson! = aoe аған 5V 


Thus, Vasor = — 5V since the JFET in Figure 7-44 is an N-channel device. 
16. Rin = Re = 1М0. 


17. Ro~ Rp = ЗКО 


1 1 
= = a едй 
18. ra уш OS 


Ro = rglRo 
Ro = 20КО(ЗКО = 2.61kQ 
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19. Тһе equation of the self-bias curve is Ves = —lpRs. Thus, when Vas 
= 0, Ip = 0. However, when Ves = -1V: 
Wc UU 
Ip = Re 3000 = 3.33mA 


The construction is shown in Figure 7-46. Note that: 


Iba = 5тА and Vasa = — 1.47V 





20. Ib 05 


From Figure 7-8 we find Vas/Vas(or) ~0.29. Figure 7-9 indicates that a 
Vas/Vas(or ratio of 0.29 corresponds to а g, /gməo ratio of, approximately, 


0.71. Thus: 

gm = 0.719mo 

9m = 0.71(4mS) = 2.84mS 

rL = ганһү 

r. = 20КОзКкО6КО = 1.82kN 

Av = - Qul. Ip (mA) 
Av = —2.84mS(1.82kQ) 

Ау = —5.16 








Figure 7-46 


Graphical solution to Self-Test Review question number 19. 
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SUMMARY 


Since only majority carriers are required for proper operation, FETs are referred 
to as unipolar devices. A summary of the various types of FETs is provided 
by the FET family tree in Figure 7-47. 


Broadly speaking, FETs are classified as either JFETs or IGFETs (MOSFETs). 
Both JFETs and IGFETs are available in N-channel and P-channel varieties. 
From а user's point of view, the only difference between N-channel and P-channel 
devices are the current directions and voltage polarities. 





IGFETs 
(MOSFETs) 





ENHANCEMENT 
N P 
CHANNEL CHANNEL 


Р 
CHANNEL DEPLETION 
N P 
CHANNEL CHANNEL 


Figure 7-47 


N 
CHANNEL 














FET family tree. 
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1 
DEPLETION-MODE | ENHANCEMENT-MODE 


<i i —— 


@ Д | 


Ip 
^ 
Ipss 
Vos s — — 
65 (otf) 


JFET 


Ip 
| SS OR B 
Ipss 
Ves 5 
GS 
(off) 


DEPLETION-MODE IGFET 


(ер) 


© 


c 


© 


L 





D 

[6—0 SS ов в 
S 

ENHANCEMENT-MODE IGFET 


Figure 7-48 


Schematic symbols and transconductance curves for 
| N-channel FETs. 
А. JFET. 
В. Deptetion-mode IGFET. 
C. Enhancement-mode IGFET. 
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JFETs can only operate in the depletion-mode. So called depletion-mode IGFETs 
can operate in either the depletion- or enhancement-mode. Finally, enhancement- 
mode IGFETs can only operate in the enhancement-mode. These various operat- 
ing modes are summarized by the transconductance curves, for N-channel de- 
vices, in Figure 7-48. Note that a depletion-mode IGFET is normally on, while 
an enhancement-mode IGFET is normally off. 


Today, high power FETs are available that are both efficient and economical. 
The development of VMOS technology made this possible. For digital applica- 
tions, ICs are available that utilize both N-channel and P-channel enhancement- 
mode IGFETs. Due to their low power consumption, these CMOS chips are espe- 
cially attractive for battery-operated equipment. 


The analysis and design of FET circuits is complicated by the fact that graphical 
as well as analytical methods must be used. For analysis, a bias line is constructed 
on the FET’s transconductance curve. The intersection of the bias line and trans- 
conductance curve provides the device’s operating point. Examples in the unit 
illustrated how the Q point was located in self-bias and voltage-divider bias cir- 
cuits. 


Current-source bias provides a value of Ipo that is essentially independent of 
parameter variations. The value of Vaso, however, does depend on the actual 
parameter values. In a current-source bias circuit, Ipo must be less than Іоѕѕмім). 
For this reason, the BUT current source should be designed so that lc < Ipssmin): 


Examples illustrating the design of self-bias, voltage-divider bias, and current- 
source bias circuits were provided in the unit. The simplified design procedures 
used in these examples are suitable when approximate results are acceptable. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, B, C, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1. An N-channel JFET has an Ipss of 10mA and a Vp of ЗУ. The value of 
Vescorn is therefore approximately: 


A. +8V. 

B. OV. 

C. -39У. 

D. Twice the value of Vaso. 


2. A depletion-mode IGFET can operate in the: 


A. Depletion-mode only. 

B. P- or N-channel modes. 

C. Enhancement-mode only. 

D. Depletion- or enhancement-mode. 


3. Assuming loss = 10mA, gmo = 500048, and go, = 0.01mS, then: 


Га- 2000. 

|Vescorn| = 4V. 
IVastero] = 2kV. 

The FET is saturated. 


cour» 


4. Ап N-channel JFET has loss = 12mA, Vas(or; = - ЗУ, and gmo = 8mS. 
A gate-to-source voltage of — 1V produces a drain current of approximately: 


5.33mA. 

12mA. 

more than 12mA. 
7.72mA. 


Coo» 


5. in question 4, the value of g,, is approximately: 


8mS. 
5.34mS. 
10mS. 
6.48mS. 


oom» 
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> Vçs 





Figure 7-49 


Transconductance curve for questions 6 and 7. 


30V 


(А 2kQ 


6kQ 





ae = “9% 0 


CIRCUIT TRANSCONDUCTANCE CURVE 


Figure 7-50 


Circuit and transconductance curve for questions 9-11. 
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Refer to Figure 7-49 for questions 6 and 7. 


6. Based on the sketch in figure 7-50, K has a value of approximately: 


A. +3. 
B. +8. 
с=з 
D. 0.24 x 10 `Š. 


7. | Assuming Ves = 10V, Ip is approximately: 


A. 11.76тА. 

B. 7.5mA. 

C. Zero, since Vcs is positive. 
D. Equal to Ipss. 


8. A JFET has gmo = 4mS, Ipss = 10тА, and Vaso = —5V. The JFET 
is biased so that loa = O.6lpss. Assuming г = 5k, the common-source 
voltage gain is approximately: 


A. —20. 
B. +20. 
С 55: 
D. -41. 


Refer to Figure 7-50 for questions 9 through 11. 


9. lo is approximately equal to: 
A. O. 
B. O.6loss. 
С. 0.5lpss. 
D. 8mA. 


10. Vbis approximately equal to: 


A. 14V. 
B. -(Мсво) 
C. OV. 


D. 0.225|Vesal- 


11. The input resistance is approximately: 


A. œQ. 

B. 10М0. 

C. 30V/8mA. 
D. Vaso/less: 
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12. 


13. 


14. 


15. 


Refer to Figure 7-51 for questions 12 through 15. 


To provide an Rın of 1МО, Rg should equal: 


A. 1М0. 

B. Vass/less. 
C. 25V/8mA. 
D 1 Ors’ . 


Assuming Ipc ~= 0.6lpss, Rs should approximately equal: 


A. Bs 
B. Rp. 

C. fi. 

D. 93.750, 


Assuming lp = O.6lpss, Ay is approximately: 


A. -12.38. 
B. +12.38. 
C. = 16. 
D. +16. 


Assuming lp = O.6lpss, Vp is approximately: 


A. 25V. 
B. 0.45У. 
C. 10.6V. 
D. 1V. 





Figure 7-51 


Circuit for questions 12-15. 
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EXAMINATION ANSWERS 


1. С— |Vesiorn| = Vp or ЗУ in this case. For an N-channel JFET, |Vasior| 
is negative. Thus, Vas(or = —3V. 


2. D— A depletion-mode IGFET can operate in either the depletion- or 
enhancement-mode. 


2lpss 2(10mA) 
Эне BE sous] 85а акысын. tray 
Меен) Е 5000,5 


4. А — Fora JFET: 


№] 


É 
[Vasom] 





lp = lpss[1 == 
Thus: 


1 
Ip = 12mA[1 - m = 5.33mA 


Figure 7-9 indicates that a Усс/Усс(ону ratio of 0.333 corresponds to 
a Gn/Gmo ratio of approximately 0.667. Thus: 


gm = 0.6679mo = 0.667(8mS) = 5.34mS 
6. О — Foranenhancement-mode IGFET: 

Ip = K[Ves — Vast}? 

Thus: 


lp 
(Vas — Vast)? 


Since Усвт = 3V and Ip = 6mA, when Ves = 8V we have: 


6mA 


= “(ev — 3V) = 0.24 x 10° 
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s 


8. 


12. 


13. 


14. 


15. 


A — Ip = K[Vas - Vest]? 
Ip = 0.24 x 10-5[10V — 3V]? = 11.76mA 


C — When lp = 0.6lpss, gm = 0.7744ғо. Thus: 


gm = 0.774(4mS) = 3.096mS = 3.1mS 


Av = —Qmft 
Ay, = —3.1mS(5kQ) = — 15.5 


Here, the negative sign simply indicates that ум and vo are 180° out 
of phase with each other. 


D — This is an example of zero-bias. Since Vas = 0, lp = Ipss or 8mA 
in this case. 


А — Vo = Мр - loRp 
Vo = 30V — 8mA(2kQ) = 14V 


B — Rin = Rc = 10М0 
A — Since Rin = Re, Re should equal 1M. 
D — Inaself-bias circuit Rs = 0.75/gmo when Ip = O.6lpss. Thus: 


0.75 
Rs = — = 93.750 
8mS 


А — When lp = O.6lpss. gm = 0.7749то. Thus: 


Ат = 0.774(8mS) = 6.19mS 
rL = РЫА, = 3кО|6кО = 2kQ 
Ay = —Gmf_ = -6.19т5(2к0) = - 12.38 


C — Ip = 06 lpss 
Ip = 0.6(BmA) = 4.8mA 


Vp = Мор - loRo 
Vp = 25V — 4.8mA(3kQ) 
Vp = 10.6V 


UNIT 8 
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INTRODUCTION 


An ideal amplifier would provide the same amount of amplification for all signal 
frequencies. In other words, the voltage gain would be frequency independent. 
Similarly, the amplifier’s input resistance, output resistance, and the phase shift 
between the input and output signals would also be frequency independent. How- 
ever, real amplifiers always contain some capacitance. Most amplifiers, for exam- 
ple, have coupling and bypass capacitors. In addition, numerous “parasitic capaci- 
tances”, due to internal characteristics and external stray or wiring capacitance, 
are always present. 


Since capacitive reactance varies with frequency, the presence of capacitance 
in real amplifiers causes the characteristics of real amplifiers to vary with fre- 
quency. This unit discusses the nature of selected amplifier characteristics that 
are frequency dependent. 


UNIT OBJECTIVES 


When you have completed this unit, you should be able to: 


1. Calculate the voltage gain, phase angle, and cutoff frequency for passive 
RC low-pass, and high-pass filters. 


2. Estimate the cutoff frequencies for a passive bandpass filter. 
3. Sketch Bode plots for passive RC filters. 
4. Estimate Cpe and Cpe from data sheet values. 


5. Identify the three high-pass and two low-pass filters of a common-emitter 
amplifier. 


6. Estimate Е, and F2 for a common-emitter amplifier. 
7. Define rise time and sag time in frequency terms. 


8. Estimate F+ and F. from rise time and sag measurements. 
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UNIT ACTIVITY GUIDE 


Read section on “Essential Filter Concepts.” 

Answer Self-Test Review Questions 1-12. 

Read section on “RC Coupled Amplifier Frequency Response.” 
Answer Self-Test Review Questions 13-22. 

Perform Experiment 13 in Unit 9. 

Study Summary. 


Complete Unit Examination. 


оО dig ЧЕ C] О а а 


Check Examination Answers. 
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ESSENTIAL FILTER CONCEPTS 


Amplifier frequency effects can be understood by considering the amplifier as 
an active bandpass filter. A bandpass filter exhibits the characteristics of both 
a high-pass and a low-pass filter. For this reason, we will begin this discussion 
of frequency effects by reviewing the characteristics of high-pass and low-pass 
filters. 


The High-Pass Filter 


Filters are frequency selective circuits. Consequently, some signal frequencies 
pass through a filter with minimum attenuation, while other signal frequencies 
are greatly attenuated. The frequency above or below those signals that tend 
to be passed or blocked by the filter is referred to as the filter's cutoff frequency, 
Fco. 


A high-pass filter tends to pass signal frequencies that are above Fco, and block 


signal frequencies that are below Fco. An example of an elementary high-pass 
filter circuit is shown in Figure 8-1A. 


C 
LINO 9X5 


@ 


R 


ORIGINAL CIRCUIT 


FREQUENCY DOMAIN CIRCUIT 


Figure 8-1 


High-pass filter. 
A. Original circuit. 
B. Frequency domain circuit. 
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Here, we wish to determine the manner in which the output voltage varies as 
the frequency of the input voltage varies between zero and infinity. To do this, 
we must use complex notation, as indicated by the frequency domain circuit in 
Figure 8-1B. The circuit's input impedance is: 


¿ep geen к ee i 
as с” ФС МЫЙ =С 
Via Ohm's law: 
fe М ж V Я УС 
2 oRC -j oRC - j 
оС 
Since Vo = IR we have: 
VaR 
ЖЕ ілі мн 
wRC -j 


A thorough discussion of complex notation is provided in Heath’s Passive Circuit 
Design course, EE-1001. Even if you are not familiar with this notation, you 
should still find the results of the analysis quite useful. 


Dividing numerator and denominator by wRC: 
V 
j 


IE 
wRC 


The circuit's voltage gain, Ay, is the ratio of Vo to V. Thus: 





Converting to polar notation: 





До т 
ашыға 
1- onc)? — Larctan С 
А 1 L arctan 
T) 1 wRC 
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Finally, letting oRC = п we have: 


Equation 8-1 indicates that the voltage gain is described by a complex number. 
Consequently, the voltage gain consists of two components - a magnitude, |Av|, 
and a phase angle, 0. 


In some circuits, you are primarily interested in the magnitude of the gain. In 
other circuits, phase information, or both magnitude and phase information are 
important. Therefore, it is useful to divide Equation 8-1 into two parts as follows: 


1 
|Avl = — ———— (Еа.8-1а) 


Vides 


n? 
1 
0 - arctan T (Eq. 8-1b) 


By substituting different values of n into Equation 8-1a and Equation 8-1b, you 
can obtain the data required to plot the frequency response curves sketched 
in Figure 8-2B and Figure 8-2C respectively. Here, note that when oRC - 1, 
the voltage gain has a value of 0.707 and the phase angle, O, equals 45°. The 
frequency at which this occurs defines the filter's cutoff frequency, Fco, and may 
be calculated as follows: 


ВС =1=n 
Substituting 2тҒсо for о: 
2тҒсоНС = 1 
Foo = = (Eq. 8-2) 


The ratio of any frequency, F4, to the filter's cutoff frequency, Fco is: 


= 2mFRC = ВС 


Fco ` 24RC 





Since oRC - n and the ratio of F to Fco equals oRC, it follows that the ratio 
of F to Fco also equals n. 


@ po^ 
R 


FILTER 





———— F ere 


o] 1 
VOLTAGE GAIN 
% 
© ~ 
45° 
GRC 
0 1 


PHASE ANGLE 


Figure 8-2 


Frequency response of the high-pass RC filter. 
А. Filter. 
B. Voltage gain. 
C. Phase angle. 
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The result of our analysis is summarized in Table 8-1: 


| тезш | SDS 


Voltage gain 
Phase angle 


Cutoff frequency 





Table 8-1 


Formulas For The High-Pass RC Filter. 


Example 8-1 


A high-pass RC filter has R = 1590 and С = 0.1uF. What 
is the filter's cutoff frequency? Assuming ум = 10V peak, cal- 


culate the magnitude of the output voltage for F = 1kHz, 
10kHz, and 100kHz. 


1 0.159 


= — s  O.= —————— = 10kHz 
2nRC 1590(0.1џР) 


Thus the filter tends to pass signals above 10kHz, and attenuate signals below 
10kHz. 
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When F = 1kHz: 
F 1 
n= — |, sod 
Fco 10kHz 
1 1 
Ау = ------ = = 0.0995 = 0.1 
1 V 101 
1 + — 
n 


vo = |Av| viN 
зо = 0.1(10V) = yn 


1 
Ө = arctan — 
n 





Ө = arctan = arctan10 = 84.3° 
When F = 10kHz: 
* F ` 10kHz 
^ Fco 10kHz 
1 1 
Ау = = — = 0.707 
T 1 2 
n? 


vo = |Av| vin 
vo = 0.707(10V) = 7.07V 


1 
Ө = arctan — 
n 


Ө = arctan - = 45° 
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0.1uF 
Viy O—— a Vo 
1590 
INPUT т OUTPUT 
Ww HIGH-PASS FILTER V (t) 
10V 
IA y= 0. 1 
= 
7 t 
84. 3° 
Е = 1kHz 
Vy yl) uy (t 
10V А l= 0.707 
7.07V 
oe 
45° 
= 10kHz 
U| Nt) Voit) 
10V |А j= 0. 995 9. 95V 
(D) | 
0 
d 
= 100kHz 
Figure 8-3 


Input and output waveforms for Example 8-1. 
A. High-pass filter. 
В. F = 1kHz. 
С. F = 10kHz. 
D. F = 100kHz. 
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Finally, when F = 100kHz: 


к. F x 100kHz ьа 
^. Fco 10КН2 





1 1 
|= = = = 0.995 


Z 1 Уй 


vo = |Av| vn 
vo = 0.995(10V) = 9.95V 





1 
Ө = arctan — 
n 
Ө = arctan 1 = 5.71° 
Е 19. 77 


A sketch of the input and output voltages at 1kHz, 10kHz, and 100kHz are pro- 
vided in Figure 8-3. Here, note that the output voltages agree with the sketches 
in Figure 8-2. Specifically: 
1. Figure 8-2B and Figure 8-2C indicate that: 
(a) When F << Fco, |Av| << 1 and Ө = 90° 
(b) When F = Fco, |Av| = 0.707 and Ө = 45° 
(c) When F >> Fco, |Av| = 1 and © = 0° 
2. Іп Figure 8-3 note that: 


Fco 





(a) When F = , or 1kHz, |Av| = 0.1 and 8 = 84.3° 


(b) When F = Fco, or 10kHz, |Av| = 0.707 and © = 45° 
(c) When F = 10Fco, or 100kHz, |Av| = 0.995 and @ = 5.71° 
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The Low-Pass Filter 


A low-pass filter has characteristics that are just the opposite of a high-pass 
filter. Thus, a low-pass filter tends to pass signal frequencies that are below 
the filter’s cutoff frequency, and attenuates those frequencies that are above the 
filter's cutoff frequency. 


Figure 8-4A is an example of an elementary low-pass filter. Note that the output 
voltage is taken across the capacitor rather than the resistor. The high-pass filter 
and frequency domain circuit in Figure 8-4B can be analyzed to determine how 
voltage gain varies with frequency. Such an analysis results in the following equa- 
tion for voltage gain: 


1 
Ay = -------- Larctann (Eq. 8-3) 


V1+n? 


Where n = m = wRC 
Fco 


ORIGINAL CIRCUIT 


FREQUENCY DOMAIN CIRCUIT 


Figure 8-4 


Low-pass filter. 
A. Original circuit. 
B. Frequency domain circuit. 
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Splitting equation 8-3 into two parts: 





1 
[Ay = = (Eq. 8-3a) 
мі + п? 
—« = arctann (Eq. 8-3b) 


As before, the filter's cutoff frequency is given by: 


1 


Ес = 
59% Сот 


The various formulas for low-pass filters are summarized in Table 8-2. 


| тшш | юз 


Voltage gain 


Phase angie 


Cutoff frequency 





Table 8-2 


Formulas For The Low-Pass RC Filter. 
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By substituting different values of n into Equation 8-3a and 8-3b, the necessary 
data is obtained to sketch the frequency response curves shown in Figure 8-5B 
and Figure 8-5C respectively. Comparing Figure 8-5 with Figure 8-2 illustrates 
the “opposite nature" of the low-pass and high-pass filters. 


@ SS m 


FILTER 





PHASE ANGLE 


Figure 8-5 


Frequency response of the low-pass RC filter. 
A. Filter. 
B. Voltage gain. 
C. Phase angle. 
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Ехатр!е 8-2 


A low-pass RC filter has C = 0.ipF and R = 1590. Since 
these are the same component values used for the high-pass 
filter in Example 8-1, Fco = 10kHz. Calculate the magnitude 
of the voltage gain and phase angle for F = 1kHz, 10kHz, and 
100kHz. 


Referring back to Table 8-2: 
When Е = 1kHz, n = 0.1 


|Av| | 0.995 
V = aaa MH: = ————————ə— == А 
Мї ne 101 


—« = arctann = arctan 0.1 


x = —5.71° 


| 
En 


WhenF = 10kHz,n = 


1 1 
|| = ——— = ——— = 0.707 
VASE V2 


—« = arctan п = arctan 1 
x = —45? 


When Е = 100kHz, п = 10 





—« = arctann = arctan 10 


x = —84.3° 
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LOW-PASS FILTER 





OUTPUT 
Vy py tt) yo 
10V 9. 95V 
ЈА 1 = 0. 995 
0 0 
-5.71? 
F=1kHz 
Vint V(t) 
10V 
lA yl = 0. 707 7.07V 
(O t 
0 
21 k 
Fe 10kHz 
ИТШ vith) 
10V 
А |= 0.1 
I^ yl Ж 
© | 
0 
84. 3° 
F=100kHz 
Figure 8-6 


Input and output waveforms for Example 8-2. 


A. Low-pass filter. 
B. F = 1kHz. 

С. = 10kHz. 

D. 


F = 100khz. 
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Figure 8-6 is a sketch of the input and output voltages at 1kHz, 10kHz, and 
100kHz. A comparison of these waveforms with those for the analogous high-pass 
filter in Figure 8-3, again illustrates the opposite nature of the two types of filters. 


In both high-pass and low-pass filters, it is important to note that the output voltage 
differs from the input voltage in two respects. Specifically: 


1. The amplitude of the output voltage is less than the amplitude 
of the input voltage. 


2. Тһе output voltage is out of phase with the input voltage. 


Since the output voltage of a high-pass filter leads the input voltage, high-pass 
filters are sometimes referred to as lead circuits. Similarly, low-pass filters may 
be referred to as lag circuits, since the output voltage of a low-pass filter lags 
the input voltage. 
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2 


Ry с 
ы ten Vo el аң Vo 
C1 : 
? 2 


CIRCUIT LOW-FREQUENCIES 


@ 


RI RI 
т к оқ |а ты ---ОУ Vin 


Cy 
Ro І R2 


MID-FREQUENC IES HIGH-FREQUENCIES 
Ау 





MID-FREQUENCY 
REGION 


LOW-FREQUENCY REGION HIGH-FREQUENCY REGION 


FREQUENCY RESPONSE CURVE 


© 


Figure 8-7 


The bandpass filter. 
Circuit. 
Low frequencies. 
Medium frequencies. 
High frequencies. 
Frequency response curve. 


moomn> 
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The Bandpass Filter 


By cascading a low-pass filter with a high-pass filter, you obtain the bandpass 
filter shown in Figure 8-7A. Here, it is assumed that C2 >>C+, and R2 >> R4. 
Typically, C2 would have units of uF and С, units of pF. 


With the previous restrictions in mind, the operation of the bandpass filter can 
be described as follows: 


1. Low Frequencies — For low signal frequencies, the reactance 
of C, is so large that C4 approximates an open circuit, as shown 
in Figure 8-7B. Here, the reactance of С» is on the same order 
of magnitude as Rz. Consequently, С» must be included in the 
low-frequency model. 


2. Mid-Frequencies — For medium signal frequencies, the reactance 
of C, is still large enough to neglect. In addition, the reactance 
of Сг is small compared to R2. For these reasons, C, approximates 
an open circuit, and C2 approximates a short circuit as shown in 
Figure 8-7C. Consequently, the magnitude of the mid-frequency 
voltage gain is: 


R. 
Ам-ғі- p 


Eq. 8-4 
LX (Eq. 8-4) 


Since Rz is assumed to be large compared to В+|Ам-| = 1. 


3. High Frequencies — In this region, the reactance of Cz is even 
less than in the mid frequency region. Consequently, С» approxi- 
mates a short circuit. For high signal frequencies the reactance 
of C, has decreased to the point where C, can no longer be approx- 
imated by an open circuit. Therefore, С; must be included in the 
high-frequency model as shown in Figure 8-7D. 


A sketch of the frequency response curve for the bandpass filter is provided 
in Figure 8-7E. The filter essentially passes signal frequencies that are greater 
than F4, but less than F2. The term bandpass (or BW) is the band of frequencies 
passed by the filter. 


Stated mathematically: 
BW = F. – Е; (Eq. 8-5) 


The frequencies Ег and F, are usually referred to as the upper and lower cutoff 
frequencies respectively. Alternately, these frequencies may be referred to as 
corner, break, 3dB, or critical frequencies. 
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In Figure 8-7E note that the frequency response curve has been divided into 
three distinct regions. Furthermore, it is especially important to take note of the 
following: 


1. For frequencies less than F4, the low-frequency region, the circuit 
acts like a high-pass filter, as shown in Figure 8-7B. The cutoff 
frequency of this high-pass filter determines the lower cutoff fre- 
quency of the bandpass filter. Neglecting R4, since R2 >> R4, 
we note: 


1 
Е = ——— Eq. 8-6 
1 278505 (Eq ) 


2. For frequencies between Е; and Fo, the mid-frequency region, the 
circuit acts like the resistive voltage divider in Figure 8-7C. 


3. For frequencies greater than Fs, the high-frequency region, the 
circuit acts like the low-pass filter in Figure 8-7D. The cutoff fre- 
quency of this low-pass filter determines the upper cutoff frequency 
of the bandpass filter. Thus: 


1 
F = ---- Eq. 8-7 
2 2а; (Eq. 8-7) 


Example 8-3 


Calculate the cutoff frequencies for a bandpass filter that has 
the following component values. R, = 10k, К, = 100k0, 
С, = 40pF, апа C; = 0.1pF. Also estimate the mid-frequency 
voltage gain, and the voltage gain at the cutoff frequencies. 


1 0.159 
Fr = ——=——————— = 15.9Hz 
2тВ-С- 100К0(0.1ҺЕ) 


1 0.159 
Fo mcm к е. ек 55 387 SZ 
2тН С, 10kO(40pF) 
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In the mid-frequency region: 


Ro 100k 
ге e eet 2 = 0.909 
Ам-н В, + R; 10kQ + 100kQ 





Note that |Ам-ғ| = 1 


At both F4 and Р»: 


АМ = 0.707]Ам -F| 
|АМ = 0.707(0.909) = 0.643 


The circuit and frequency response curve are illustrated in Figure 8-8А апа Figure 
8-8B respectively. 


10kQ 0. 1uF 
® o 7 


40pF 
Jr 100kQ 


BANDPASS FILTER 





0 15. 9Hz 397. 5kHz 


FREQUENCY RESPONSE CURVE 


Figure 8-8 


Circuit and frequency response curve for Example 8-3. 
A. Circuit. 
B. Frequency response curve. 
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Bode Plots 


Curves of voltage-gain-versus-frequency are normally plotted on semilog paper. 
Furthermore, voltage gain is frequently expressed in units of decibels, dB. Recall 
that for a voltage ratio, the decibel voltage gain, Avas is: 


Avas = 20 log |Av| 


At any frequency, the magnitude of the voltage gain is given by Equation 8-1a 
(high-pass filter), and Equation 8-3a (low-pass filter). In each case, n is large 
for frequencies well above cutoff, and small for frequencies well below cutoff. 
Based on these observations, and an examination of Equation 8-1a and 8-3a, 
the following approximate formulas can be deduced: 


Below Cutoff |Ay| =n 


F << Fco Ауав = 20logn High-pass 
Above Cutoff АМ = 1 filter 
F >> Fco Aves = 201091 = 0 


Below Cutoff АМ = 1 
Е << Fco Ауав = 201091 = 0 Low-pass 
1 filter 
Above Cutoff |Ay| = та 


1 
F >> Fco Ауав = 20 log " 


By substituting values of n between 0.01 and 100 into Equation 8-1a, and the 
approximate high-pass formulas you obtain the data given in Table 8-3. Similarly, 
the data in Table 8-4 was obtained via Equation 8-3a, and the approximate low- 
pass formulas. 


In both tables, note that the approximate values are quite accurate for frequencies 
well above (large n's) and well below (small n's) the cutoff frequency. The largest 
error results from using the approximate formulas at the cutoff frequency, n — 
1, andis equal to — 3.01dB. 


A graph of decibel voltage-gain-versus-frequency, based on the approximate for- 
mulas, is called a Bode plot. Bode plots are popular because they are easy 
to sketch, and they provide a useful summary of a filter's characteristics. 
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Table 8-3 Table 8-4 


High-Pass Filter Data Low-Pass Filter Data 
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In Table 8-3 and Table 8-4, notice that when the frequency changes by a factor 
of 2 (an octave), the dB gain changes by approximately 6dB. Similarly, when 
the frequency changes by a factor of 10 (a decade), the dB gain changes by 
approximately 20. Consequently, the Bode plots for the high-pass, low-pass, and 
bandpass RC filters appear as shown in Figure 8-9. 


Avdg 


азан ғаны АА, ОШ НЕ 
0 F 
ез 20d B/Decade 


HIGH-PASS FILTER 


аз» f 





Slope=6dB/Octave, 20dB/Decade 


LOW-PASS FILTER 


© : : 
F 


Slope=6dB/Octave, 20dB/Decade 










BANDPASS FILTER 


Figure 8-9 


Filter Bode plots. 
A. High-pass filter. 
B. Low-pass filter. 
C. Bandpass filter. 
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Example 8-4 


The bandpass filter in Example 8-3 had: 
F, = 15.9Hz, Fo = 397.5kHz, and |Ам_ғ| = 1. 


(a) Use Equation 8-1a to calculate the voltage gain for F = 
F,/8 or 1.9875Hz. 


(b) Use Equation 8-3a to calculate the voltage gain at F = 
20F 2 or 7.95MHz. 


(c) Convert the voltage gains calculated in (a) and (b) to dB 
notation. 


(d) Sketch a Bode plot for the filter. 


Based on the 6dB/octave, 20dB/decade rolloff, estimate the dB voltage gain at 
1.9875Hz and 7.95MHz. 








F 1.9875Hz 
(a) п= — = ——— = 0.125 
F, 15.9Hz 
(АМ : : 0.124 
VI = Ee = — V = 5 
1 Мз + 64 
1%-- 
n 
F 7.95MHz 
Fa  397.5КН2 
1 1 
АМ = ——— = = 0.0499 
14n V 401 


(C) Avas = 20 log |Ау| 
Ауав = 20 log 0.124 = — 18.13dB when F = 1.9875Hz 
Avas = 20109 |Av| 
Ауав = 20 log 0.0499 = — 26.04dB when F = 7.95MHz 


8-28 | UNIT EIGHT 


Steps (a) through (c) illustrate how you can calculate the theoretically exact value 
of dB voltage gain in the low and high frequency regions. Step (d) illustrates 
the simplicity of the approximate Bode plot approach. 


(d) Below Е; or above Fs, the dB voltage gain changes by 6dB each 
time the frequency changes by a factor of 2. Similarly, the dB volt- 
age gain changes by 20dB each time the frequency changes by 
afactor of 10. Thus when: 


F=F, Ауав = 0 

F=F,+2 Avas = —6dB 
F = F, +4 Avas = — 12dB 
F=F,+8 Ауада = —18dB 


Since 1.9875Hz equals F, + 8, Avag = — 18dB 


When: Е = F2 Ауав =0 
ES 2Fo Ауав == —6dB 
F = 20F2 Ауав = —6dB + (—20dB) = —26dB 


Since 7.95MHz equals 20F2, Ауав = — 26dB. 


Note that the approximate values are close to the “exact” values. A sketch of 
the filter's Bode plot is shown in Figure 8-10. 


397. 5kHz 7.95MHz 


1.9875Hz 15. 9Hz 





Figure 8-10 


Bode plot for Example 8-4. 
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Self-Test Review 


1. The output voltage from a filter differs from the input voltage in both 
amplitude and 





2. The output voltage from a high-passfilter — ^ ^ 1 1theinput 
leads/lags 
voltage. 
3. Тһе output voltage from a low-pass filler. . .— 1 11 111 the input 
voltag e. leads/lags 


4. For frequencies well above Fco the dB voltage gain of a high-pass filter 
is approximately; ОВ. 


5. For frequencies well below cutoff, the dB voltage gain of a low-pass filter 








is approximately — dB. 
6. In the bandpass filter, F4 is determined by the cutoff frequency of the 
та 2.7 — iter. 
low-pass/high-pass 
7. In the bandpass filter, F2 is determined by the cutoff frequency of the 
filter. 


low-pass/high-pass 


Refer to Figure 8-11 for questions 8 through 12. 





8. Thecircuit's lower cutoff frequency is approximately E ENZ. 
9. The circuit’s upper cutoff frequency is approximately ____ MHz. 
10. АҒ = 8.83MHz, the approximate dB voltage gain is ___ dB. 
11. AtF = 100kHz, the approximate dB voltage gain is ______dB. 
12. AtF = F4, the output voltage will —. ^ 1 . the input voltage 
° lead/lag 
by 45°. 
6kQ 0. luF 


NE rr Vo 
30pF 


воке 


Figure 8-11 


Circuit for Self-Test Review questions 8-12. 
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Answers 


phase : low-pass 


leads : 19.875Hz 
lags ; 0.883MHz 
0 . —20dB 

0 . OdB 


high-pass . lead 





Solutions to questions 8-12 follow: 


1 0.159 
9^ Pi AC. вокл) Ë 


1 0.159 
i VES m m „к АК ӨЗИ 
° ? 2aRiCy 6kQ(30pF) 


10. 8.83MHz is one decade above Fo. Тһе dB voltage gain decreases by 20dB/ 
decade. Thus Avas = — 20dB. 


11. 100kHz is between F+ and Fo. In this “passband” region, Ay = 1 and Ayas 
= 0. 


12. For frequencies less than Е}, the bandpass filter acts like a high-pass filter, 
as shown in Figure 8-7B. For this reason, the output voltage leads the 
input voltage. 
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RC-COUPLED AMPLIFIER FREQUENCY RESPONSE 


In conjunction with numerous circuit resistances, the various capacitances in an 
amplifier form a number of high-pass and low-pass RC filters. Collectively, these 
filters produce an overall frequency response that is similar to that of a bandpass 
filter. In the following sections, you will learn how to identify the individual RC 
filler sections. By analyzing these filters, you will be able to predict the overall 
frequency response that is characteristic of a given amplifier. 


Coupling Capacitors 


It is important to realize that the AC equivalent circuits in Units 1 through 7 are 
valid only for mid-frequency operation. In these circuits, coupling and bypass 
capacitors were assumed to approximate AC short circuits. Specifically, the com- 
ponent values were selected so that the following inequalities were satisfied at 
the lowest signal frequency, F4. 


[Xc | << Rin 
IXc] << R. 


For signal frequencies less than F4, it is clear that the previous inequalities are 
no longer satisfied. For this reason, both C4 and Co must be included in the 
low-frequency equivalent circuit. 


The common-emitter amplifier shown in Figure 8-12A illustrates this concept. 
Note that the effective load seen by the signal source, ум, consists of the series 
combination of C, and the amplifier's input resistance, Rin, as shown in Figure 
8-12B. 


Clearly, Rs, C4, and Ві constitute a high-pass RC filter. In a typical amplifier, 
Rin may not be 10 or more times larger than Rs. For this reason, the value 
of Rs is taken into account when calculating the cutoff frequency of the high-pass 
base filter. Specifically: 


1 


ЕЕ Еа. 8-8 
Брну а Р) 


Fp, = 


Where Fp, = cutoff frequency of the high-pass base filter. 


Ам = RillRallhe(Re, + re’) 
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Figure 8-12 


High-pass filters due to the use of coupling capacitors. 
A. Common-emitter amplifier. 
B. High-pass base filter. 
C. High-pass collector filter. 


By "looking back" into the amplifier in Figure 8-12A, from the collector terminal, 
you can visualize a Thevenin equivalent circuit consisting of a Thevenin voltage 
source, vty, in series with the amplifiers output resistance, Ro. This Thevenin 
equivalent circuit drives the series combination of С> and В, as shown in Figure 
8-12C. Rc, Co, and R, constitute a second high-pass RC filter. In this case, 
the filter's cutoff frequency is given by: 


1 


= —— O" —s Eq. 8-9 
й 21(Вс + В)С2 (d ) 


Fc 


Where Fc, = cutoff frequency of the high-pass collector filter. 
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Bypass Capacitor 


In addition to the coupling capacitors, Сі and Cas, the emitter bypass capacitor, 
Сз, must also be considered in the low-frequency region. 


To begin, let’s consider the bypass circuit shown in Figure 8-13A. In the mid- 
frequency region, |Xc.| is small compared to the value of Re,. For this reason, 
C3 approximates a short circuit as shown in Figure 8-13B. Note that the imped- 
ance between point А and ground is essentially 00. Also, recall that for mid- 
frequency operation, the AC emitter current and voltage gain are: 


"ИЕ VIN 
pug. 07 Mid-frequency 
-n operation 
Ay = Rear! 
E, + le 


Rey RE, 
A 
R R 
E2 C3 E2 |*c,| = 0 
BYPASS CIRCUIT FPF, 






Figure 8-13 





The emitter bypass capacitor. 
C3 A. Bypass circuit. 
à B. F»»F, 
С. Ғ<Ғ.. 
D. Equivalent circuit for F < F4. 


Dp uu 


EQUIVALENT CIRCUIT FOR F&F, 
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For signal frequencies less than F4, |Xc,| is no longer small compared to the 
value of Re,. For this reason, C3 no longer approximates a short circuit, as shown 
in Figure 8-13C. Consequently, the impedance between point A and ground now 
equals НЕ |Хс,. Since the effective impedance in the emitter branch has in- 
creased, the AC emitter current decreases. The decreased emitter current results 
in a decreased voltage gain. Specifically: 


VIN 


lg = ёс = ———— -— —————— 
° Re, + re’ + ZA 


A ке 
V = == 
Re, Eie + ZA 


Where ZA —— Ае Хе, 


Comparing the low- and mid-frequency equations, it is obvious that the presence 
of the emitter bypass capacitor results in a decreased voltage gain at low signal 
frequencies. 


A useful AC equivalent circuit looking back into point A, from the bypass capacitor, 
is shown in Figure 8-13D. An analysis of this circuit indicates that the lower 
cutoff frequency associated with the emitter bypass capacitor, Cs, is given by: 


1 


F = —— 
* — gnRa.Cs 


(Eq. 8-10) 


Where Fe, = cutoff frequency due to the emitter bypass capacitor. 


Reg: = Ве (Ве, + R”) 
and 


РЫА 
po Me. 


hie 





Predicting F, 


In an RC coupled amplifier, the lower end of the passband is shaped by the 
cutoff frequencies associated with the coupling and bypass capacitors. Since 
the overall frequency response is similar to that of the bandpass filter, Е, is 
approximately equal to the highest cutoff frequency Ғ,, Fc, or Fe,. 
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Example 8-5 


Estimate the lower cutoff frequency, F; for the common-emitter 
amplifier shown in Figure 8-14. What is the approximate volt- 
age gain at this frequency? 


15V 


6000 





Ғідиге 8-14 


Circuit for Example 8-5. 
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In order to calculate F,,, you must first calculate the value of Rin. Thus: 


15v(3.9kN. 
Ма = BUC ЭКО е. 4.83V 
8.2к0 + 3.9kQ 


Ve = 4.83V — 0.7V = 4.13V 


4.13V 
g = ——— = 1.06тА 
эко 
37mV 
fa. = = 34.90 
1.06mA 


Rin ease = hie(Re, + fe’) 
Rin gase = 100(1800 + 34.90) = 21.49kN 


Вв = НІН; = 3.9k0|8.2k0 = 2.64k0 


Rin = RallRin ease 
Rin = 2.64kQ/21.49kQ = 2.31КО 


Now: 
0.159 
Fp, = жел RUNE, Бе = -------------- = 54.6Н2 
y 2a (Rs + Riy)C4 (6000 + 2.31kQ)1 uF 
1 0.159 
F. = ————— = ————-K MAÑi1oA = 11.2Н2 
3 2=(Rc + RYC2 (8.2k0, + 6kO)1 pF 


You can calculate Fe, as follows: 





РЫА 
п’ = Des | е 
hie 
2.64к0|6000 
В = „26е, р + 34.90 
100 
488.80 
R’ = ——— + 34.90 = 39.80 
100 


(Re, + R’) = 1800 + 39.80 = 219.80 


Reg: = Ве (Ве, + R’) 
Reg: = 3.9К0|219.80 = 208.10 


Now: 


1 n 0.159 


pas Е 
' 2m Req. Cs 208.10(10ҺҒ) 
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Since Fe, is higher than Fp, and Ғ the circuit's lower cutoff frequency, F+ = 
Fe, or 76.4Hz. 


At F, the voltage gain is 0.707 times the mid-frequency value. Thus: 


p v -n _  82kMékQ _ -34ékQ isı 
"er | Regn 180043490 | 24490 ^. 
Av, = 0.707 Ау, , = 0.707(— 16.1) = — 11.38 

Example 8-6 


Estimate Е, in Figure 8-14 assuming Сз is changed from 10uF 
to 100uF. 


The values of Fp, and Р. are the same as in Example 8-5. Thus: 


Fy, = 54.6Hz and F., = 11.2Hz 


Similarly, the value of Reg. is 208.10. Therefore, the new value of Fe, is: 


1 1 
F, =——— = cc —  - = 7.64Hz 
"WU omia Cs 208.10(1004.F) 


In this case, Рь is higher than either F, or Fe,. Therefore, F+ = Fp, = 54.6Hz. 


High-Frequency Effects 


Coupling and bypass capacitors have little effect on the high frequency response 
of an amplifier because they approximate short circuits for frequencies greater 
than F4. 


Internal characteristics and stray capacitances are always present in real circuits. 
Typically, these capacitances have values in the pF range. At low and mid- 
frequencies, these capacitances can be neglected, since their reactances are 
very large when compared to the resistance values in a typical amplifier. Internal 
device and stray capacitances are effectively open circuits in the low- and mid- 
frequency regions. 


Capacitive reactance decreases as frequency increases. In the high-frequency 
region, the reactances of the internal device and stray capacitances have de- 
creased to the point where they no longer approximate open circuits. Thus they 
are included in the high-frequency equivalent circuit. 
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HIGH-FREQUENCY AC EQUIVALENT CIRCUIT 


Che 


A > 
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THEVENIZING THE INPUT CIRCUIT, AND REMOVING Cce 


I i 
| | | 
1 I I 
тела 
=s, 2-5 a 
| 
і l | 
Шалым 
2b A i 


REFLECTING APPROPRIATE CAPACITORS 
INTO THE BASE AND COLLECTOR CIRCUITS 





Figure 8-15 
COMBINING CAPACITORS 
Development of a high-frequency equivalent circuit for the 
common-emitter voltage amplifier. 
High-frequency AC equivalent circuit. 
Thevenizing the input circuit, and removing Cc. 


Reflecting appropriate capacitors into the base and collector 
circuits. 


D. Combining capacitors. 


op» 
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Simplified High-Frequency Model 


To develop a theoretically exact high-frequency model, you would need equations 
that are quite complex. Furthermore, in practice, many of the parameter values 
in the “exact” equations are rarely known. For these reasons, we will develop 
a simplified high-frequency model that retains enough features of the exact model 
to be an equivalent circuit. 


Our starting point is the high-frequency equivalent circuit shown in Figure 8-15A. 
Here, note that the various terminal-to-terminal BJT capacitances are included, 
as well as the stray capacitances, Cs, and C, . Also note that the base spreading 
resistanCe, rp’, is included since at high frequencies гь' is often significant. 


By Thevenizing the circuit in Figure 8-15A to the left of Cs , you obtain the circuit 
shown in Figure 8-15B. Since the capacitance, Cee, is typically small compared 
to the other capacitance values, it has been removed from the circuit in Figure 
8-15B. 


Recall that in Unit 3, we employed Miller's theorem to simplify the analysis of 
collector feedback circuits. In Figure 8-15B, Cy, is connected between the input 
and output terminals, which is analogous to Rg in a collector feedback circuit. 
For this reason, Cp, can, via Miller's theorem, be "reflected" into the base and 
collector circuits as shown in Figure 8-15C. Here: 


Cm = Сь(Ау + 1) (Ед. 8-11) 
Similarly, ће capacitance reflected into the collector circuit is: 


Сь<Ау) 
= —— = С Eq. 8-12 
С ТЕГ bon (Е ) 


Where Ay, is the magnitude of the common-emitter voltage gain. 


Notice in Figure 8-15C that Cbe has been replaced by Cp. With an advanced 
derivation, it's possible to show that C, is approximated by: 


Re 
————— Eq. 8-13 
Re F fo ] 3 ) 


Cp = Che [ = 
Equation 8-13 indicates that іп a fully bypassed circuit, (Re, =0). Ce = Cpe. 
In many cases, Cs is neglected since Съ is typically small compared to С. and 
Cm- 
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By combining the parallel capacitance in Figure 8-15C, you obtain the equivalent 
circuit shown in Figure 8-15D. Here: 


CiN = С», + Cm + Cb (Ед. 8-14) 


Со = Cro + Ce, (Eq. 8-15) 


The circuit in Figure 8-15D contains two low-pass RC filters that determine the 
amplifier's upper cutoff frequency, F2. In order to "see" these filters, it is necessary 
to replace the BJT with its AC model as shown in Figure 8-16A. Finally, by 
Thevenizing the left half of the circuit and converting the current source to a 
voltage source in the right side of the circuit, you obtain the base and collector 
low-pass RC filters shown in Figure 8-16B. The cutoff frequency of each filter 


is given by: 
Fp. = : (Eq. 8-16) 
^ — ?n(Rs'lRis Base) Cin 
Where Rs’ + RgllRa + гь 
Rin pase = Me(Re, + Ге’) 
Cin = Cs, + Cm С, 
Fc. = : (Eq. 8-17) 
ci 2nri Co m 
Where r. = RollRi 
Co = Cre + Cs, 
RS 


Утн с Rin Ве Co ч 
1 | н (ВА$Е) I 


REPLACING THE BJT IN FIGURE 8-15D WITH IT'S AC MODEL 


RC IR 
s| PINES em 





LOW-PASS BASE AND COLLECTOR FILTERS 
Figure 8-16 


Low-pass filters due to internal BUT, and external 
stray capacitances. 
A. Replacing the BJT in Figure 8-15D with it's AC model. 
B. Low-pass base and collector filters. 
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PREDICTING F; 


The high end of the passband in an RC-coupled amplifier is determined by the 
cutoff frequencies associated with Сі, and Co. Specifically, Fə approximately 
equals the lower of the two cutoff frequencies, Fp, or Fc. 


Example 8-7 
The amplifier in Figure 8-14 was partially analyzed earlier. 
Recall that: 
Rs = 2.64kQ r. = 3.46kQ 
Rin ease = 21.49КО re = 34.90 
Rs = 6002 Av„ = – 16.1 


M-F 


Work out the approximate value of F; assuming: 


С. = 25pF Cbe = 150pF 
Coc = 6pF Cs, = 5pF 
fy = 1750 

First calculate 
Rs’ = RglRa + fp’ 


| l 


Rs’ = 6000|2.64КО + 1750 
Rs’ = 488.80 + 1750 = 663.80 
Rs'llRiN Base = 663.80|21.49k0 = 643.90 


С = Cy. (Av + 1) 
Cm = 6pF(16.1 + 1) = 102.6pF 


C= © [: ы ] 
s s Re, + re' 


1800 ] 
1800 + 34.90 
Cy = 150pF(0.162) = 24.36pF 


Cp = 150pF [ = 


CiN = Cs, + Cm + Co 
Cin = 25pF + 102.6pF + 24.36pF 
Cin = 151.96pF 
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Thus: 
1 
F, = ————————— 
2=(Res/'l|R;N BAsE)CiN 
0.159 
Fy, = ------------ = 1.6MHz 
2  643.90(151.96pF) 
Next calculate Fo: 


Co = бк + Cs, 
Co = 6pF + 5pF = 11pF 
1 0.159 


pero = ж MZ 
a Go 3.46КО(11рЕ) 


Since Ғы, < Ко» Foz Fp, = 1.6MHz 


High-Frequency BJT Parameters 


As frequency increases, the current gain of a transistor decreases. For this 
reason, one or more of the following parameters are normally provided on a 
BJT's data sheet. 


ALPHA CUTOFF FREQUENCY 


When the time of one cycle or period of the AC input signal approaches the 
time required for charge carriers to pass through a transistor, the current gain 
of the transistor drops rapidly. The frequency at which « decreases to 70.7% 
of its low frequency value is called the alpha cutoff frequency, Е; х. 


The value of Fox is often determined by measuring х at a reference frequency 
of 1kHz and then increasing the frequency until « again drops to 70.796 of the 
1kHz reference. Ег is an important characteristic of common-base circuits since 
itindicates an upper frequency limit for common-base operation. 


BETA CUTOFF FREQUENCY 


At high frequencies, the current gain of a transistor in a common-emitter circuit 
(B) also decreases. The frequency at which B decreases to 70.7% of its low- 
frequency value is called the beta cutoff frequency, Fis. Since B imposes ап 
upper frequency limit for a transistor used in a common-emitter configuration, 
itis an important high frequency parameter. 
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CURRENT-GAIN BANDWIDTH PRODUCT 


Another way of expressing the inherent frequency response limitation of a transis- 
tor is to provide its current-gain bandwidth product, F+. The term Fr simply indi- 
cates the frequency where the current gain in the common-emitter mode is one. 
This specification is more often seen on manufacturer's data sheets than the 
alpha or beta cutoff frequencies. 


The current-gain bandwidth product is essentially constant. Consequently, as the 
operating frequency decreases, the current gain increases by the amount neces- 
sary to keep Fr constant. 


USEFUL FORMULAS 


Since most data sheets provide values for F+ and B, the following formulas are 
useful for estimating Fg and Р... 


F 
Ев = = (Eq. 8-18) 


Е. = (В + t)Fg-BFg (Eq.8-19) 
Where В = low frequency value of hye 


Equation 8-19 indicates that for a given transistor F. is much larger than Fg. 
Therefore, a common-base circuit is capable of amplifying much higher frequen- 
cies than a comparable common-emitter circuit. For this reason, many amplifiers 
designed specifically for high-frequency operation use the common-base config- 
uration. 


Example 8-8 


The data sheet for a particular transistor lists typical values 
for hg, and Ет of 200 and 150MHz respectively. Estimate the 
values of Fg and Е,. 


paca moon. 75MHz = 750kHz 
Sw EHE ІІ z 


F. = BFs = 200(0.75MHz) = 150MHz 


Excluding other frequency effects, the upper frequency limits of the given transis- 
tor for the common-emitter and common-base configurations respectively, are 
0.75MHz and 150MHz. 
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DATA SHEET CAPACITANCE VALUES 


The value of Cy, is usually listed on a data sheet as Cop, Cobo, Cop, or Co. While 
the data sheet value of Csc is usually specified for a particular value of Vcg, 
it serves as a useful approximation of Cæ for other values as well. 


Сье is normally not listed on the data sheet. However, the following formulas 
can be used to estimate the value of Cpe: 


1 
Cc. ---- Eq. 8- 
te 7 ZE (Eq. 8-20) 


Example 8-9 


The data sheet of a 2N3903 transistor indicates that Fr yan 
= 250MHz for lc = 10mA and Vcg = 20V. Based on the given 
information, estimate the value of Cbe. 


pa ciu. E Ышш cy 
E 10mA 
1 0.159 
Gus ML QUE p. ЫЕ 
ve TF ^ 250MHz(3.70) 2 


OBSERVATIONS АМО COMMENTS 


High frequency analysis is considerably more complicated than low and mid fre- 
quency analysis. Even with a simplified high frequency model, the equations de- 
veloped for Fp, and Fc, are tedious to work with because so many intermediate 
calculations are necessary. 


Since precise values for hie, fe’, гь’ Cbe, and Cec are rarely available, you will 
frequently find a significant discrepancy between the calculated and measured 
upper cutoff frequencies. Nevertheless, the calculated value of Fo provides а 
rough, but useful, estimate for the upper frequency limit of a given amplifier. 
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Obviously, stray capacitance is difficult to estimate. In order to predict accurate 
values of Cs and Cs, it is necessary to specify the specific type of components 
used in the circuit, the circuit layout, lead lengths, and so forth. Furthermore, 
when you measure F2, you must consider the capacitance of the measuring instru- 
ment. An oscilloscope, for example, typically introduces an additional 20-50 pF 
into the test circuit. For this reason, amplifier manufacturers frequently specify 
the type of test equipment, cable lengths, and other considerations that should 
be used when measuring Р». 


When selecting a transistor for an amplifier, it is a good idea to check the transis- 
tor's data sheet to make sure that the following inequalities are satisfied. 


F.. >> Fo (common-base circuit) 


Fg >> Fo (common-emitter and common-collector circuits) 
Where F; = minimum acceptable upper cutoff frequency. 
BODE PLOTS 


RC-coupled amplifiers contain three high-pass, and two low-pass filters. In the 
simplest case, the individual cutoff frequencies are far enough apart that little 
interaction occurs between the various filter sections. Assuming this is so, the 
lower, F4, and upper, F>, cutoff frequencies of the amplifier are closely approxi- 
mated by: 


Е; = Fp, or Fe, or Fe, (whichever is the highest) 


F2 = Fb, or Fo, (whichever is lowest) 


If the individual cutoff frequencies are not more than two octaves apart, the indi- 
vidual filter sections will interact. In this case, the actual values of F, and F> 
are only roughly approximated by the formulas given earlier. 
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Assuming minimum interaction between the individual filter sections, a Bode plot 
of dB voltage gain versus frequency appears as shown in Figure 8-17A. Due 
to the presence of coupling and bypass capacitors, the voltage gain rolls off 
at 6dB/octave for frequencies less than F4. Similarly, for frequencies greater than 
Fo, the presence of internal and stray capacitance also results in a 20dB/decade 
rolloff in the voltage gain. Note that the frequency response curve in Figure 8-17A 
is characteristic of all three BUT configurations. Furthermore, note that the overall 
frequency response curve is very similar to that of a bandpass filter. 


^vdg СУ 


6dB/Octave 
20dB/Decade 
a LT 






BODE PLOT OF dB VOLTAGE GAIN VERSES FREQUENCY FOR ALL 
THREE CONFIGURATIONS. 


PHASE PHASE 
ANGLE (B) ANGLE 





(135°) 





COMMON-EMITTER CIRCUIT COMMON-BASE AND COMMON-COLLECTOR CIRCUITS 


Figure 8-17 


RC coupled amplifier Bode plots. 
Here, it is assumed that little interaction occurs between the 
individual filter sections. 
A. Plot of dB voltage gain versus frequency for all three 
configurations. 
B. Common-emitter circuit. 
C. Common-base and common-collector circuits. 
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Bode plots of phase angle versus frequency are provided in Figure 8-17B, 
common-emitter circuit, and Figure 8-17C, common-base and common-collector 
circuits, respectively. In Figure 8-17B, note that in the mid-frequency region, the 
phase angle equals 180°. For frequencies less than F,, or greater than Fo, the 
filters within the amplifier introduce an additional phase shift as shown in Figure 
8-17B. 


In the mid-frequency region, the input and output voltages in the common-base 
and common-collector amplifiers are in phase with each other. As was the case 
with the common-emitter amplifier however, signal frequencies less than F+, or 
greater than F2 experience a phase shift. This is shown in Figure 8-17C. 


RISE TIME 
Figure 8-18A illustrates a voltage pulse driving a low-pass filter. From your knowl- 


edge of passive circuits, it is apparent that the output voltage appears as shown 
in Figure 8-18B. The equation that describes the output voltage is: 


vo = V(1-e ^) (Ед. 8-21) 


ior. дет И 


ov 


LOW-PASS FILTER 





OUTPUT VOLTAGE 


Figure 8-18 


The concept of rise time. 
A. Low-pass fitter. 
B. Output voltage. 
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In Figure 8-18B, the rise time is defined as the time required for the output 
voltage to rise from 10% to 90% of the final value, V. Thus: 


t=t-t 


Expressing the rise time, t,, in terms of the circuit’s time constant, R times C 
shows a very useful relationship. To obtain the desired result proceed as follows: 


Atti, vo = 0.1V. Substituting 0.1V for vo and t, fort into Equation 8-21, yields: 
0.1V = V(1 — e e) 
0.1 2 1 — e "c 
e “© = 1 — 0.1 = 0.9 
Taking the natural logarithm* of both sides of the equations: 
“ас = In0.9 = -0.105 = — 0.1 
Thus t; = 0.1RC 
Following a similar procedure for tz: 
0.9V = V(1 — e 7) 
0.9 = 1 — e "rc 
e 9" = 1 — 0.9 = 9.1 
увс = In0.1 = - 2.3 
Thus to = 2.3RC. Since t, = to — t4, we have: 
t -2.2RC (Ед. 8-22) 


In an RC-coupled amplifier, the upper cutoff frequency, F>, is primarily determined 
by the cutoff frequency associated with the dominant, internal, low-pass filter. 
Thus: 





* Foradiscussion of logarithms, see Heathkit/Zenith Passive Circuit Design course, EE-1001. 
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Where R and C are the equivalent resistance and capacitance of either the base 
or collector low-pass filters. Substituting “/2 2 for RC yields: 
1 Š 
Рг = m = (Eq. 8-23) 
2т—— ; 
2.2 
Equation 8-23 indicates that you can measure the upper cutoff frequency of an 
RC-coupled amplifier by applying a pulse-type input, and noting the resulting 
rise time. 
Example 8-10 
A voltage pulse is applied to the input of an RC-coupled 
amplifier. The output voltage is noted to have a rise time of 
0.1258. Estimate the amplifier's upper cutoff frequency, Fo. 
F; = 035 _ 098 ,/, 
tr 0.175us 
SAG OR TILT 
Figure 8-19A illustrates a voltage pulse driving a high-pass filter. In this case, 
the voltage across the resistor is a decaying exponential voltage, described by: 
vo = Ve mc (Ед. 8-24) 
C 
| = 31 
(4) 0 zu x R Vo 
HIGH-PASS FILTER 
Vy 
: l 
— V 1 
t Figure 8-19 






(PULSE TIME) 
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The concept of sag or tilt. 


A. High-pass filter. 
OUTPUT VOLTAGE B. Output voltage. 
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If the filter's time constant is reasonably long compared to the width of the pulse, 
the output voltage has the general shape shown in Figure 8-19B. Note that the 
output voltage exhibits a tilt or “ѕад” when compared to the input voltage. The 
amount of sag is defined as follows: 





(Eq. 8-25) 


Assuming the difference between V and V, is not excessive, Equation 8-24 can 
be approximated by: 


t 
vo = V [ = sc] (Eq. 8-26) 
In Figure 8-19B we note that at time Tp, vo = V4. Thus: 
У, = V [ - =| (Eq. 8-27) 


Substituting Equation 8-27 into Equation 8-25 yields: 


t 
V y | == 
[ RC 


Е EN 
S- V = Rc (pulse) 


Assuming the high-pass filter in Figure 8-19A is driven by a square wave rather 
T 
than а pulse, the sag of each half cycle is obtained by letting ір = z Where 


T represents the period of the square wave. Thus: 


T 
s= ORO (Square-wave) 


Recall that the lower cutoff frequency, F4, of an RC-coupled amplifier is primarily 


determined by the cutoff frequency associated with the dominant internal high- 
pass filter. Thus: 


Е 2тВС 


Common-Emitter Frequency Effects | 8-51 


Where R and C are the equivalent resistance and capacitance of either the base, 


т 
collector, or emitter high-pass filters. Substituting 25 for RC yields: 


1 5 
Т Т 
2т-— P 


28 





1 


Similarly, substituting - = 


for Т and dividing by тт you obtain: 


Е, = 0.2188 Ғы (Ед. 8-28) 


Where S = sag 
F, = lower cutoff frequency 
Fin = frequency of the square wave 


Equation 8-28 indicates that you can measure the lower cutoff frequency of an 
RC-coupled amplifier by applying a square-wave input and noting the resulting 
sag. 


Example 8-11 


The input and output waveforms for an RC-coupled amplifier 
are shown in Figure 8-20. Estimate the amplifier’s lower cutoff 


frequency, F;. 
ENDS OUTPUT 
10V ov 
AMPLIFIER 
Más 
Figure 8-20 


Circuit for Example 8-11. 
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Since the period of the input signal is 1ms: 





Thus: 


Е, = 0.318 S Fin 
Е; = 0.318(0.1)(1kHz) = 31.8Hz 


SQUARE-WAVE TESTING 


By adjusting the frequency of a square-wave input signal, it is possible to quickly 
estimate the amplifiers Е; and F; frequencies. In addition, you can quickly deter- 
mine the effect of varying component values by simply observing the output volt- 
age. Checking an amplifier with a square wave is a very useful experiment. 
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Self-Test Review 





13. The lower cutoff frequency of an RC-coupled amplifier is approximately 


equal to Fp,, or Fe, or Fe,, whichever is 
1 larger/smaller 


14. Fə= —————— MHz, assuming Fp, = 2MHz and Fe, = 4.5MHz. 


15. For a particular BUT, = = 0.99, B = 99, and Ет = 100MHz. The beta 
cutoff frequency is therefore approximately .— 1 ~ MHz. 


16. А data sheet lists Ет = 300MHz at Іс = 20mA. Similarly, Сь = 30pF 
at Ile = 20mA. Consequently, Сы = __рЕ and Сы = 


ii > | zd 


17. Assuming minimum interaction between the various internal filters of an 
RC-coupled amplifier, for frequencies less than F, or greater than Fo, the 
voltage gain rolls off at —— —dB per decade. 





18. By applying a square-wave input to an RC-coupled amplifier, you find the 
rise time to be 0.35,5. Therefore, the amplifiers upper cutoff frequency 
is approximately 7 MHz 


19. A 2kHz square wave produces a tilt in the output voltage of an RC-coupled 
amplifier of 15%. Therefore, the amplifier's lower cutoff frequency is approxi- 
mately Hz. 





20. Ofthe following capacitances, Coe, Сьс, and Cog, --------- contributes 
most to the total input capacitance in a high-gain amplifier. 


21. Іп a common-emitter amplifier, Fg should be Iu 
than the desired Fo. arger/smaller 











22. Internal BUT and stray capacitance have өлен - 
a significant/little 


effect on the amplifier’s lower cutoff frequency. 
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Answers 


13. 


14. 


15. 


16. 


17. 


larger 

2MHz 
1.01MHz 
286.5pF, 30pF 


— 20dB 





Appropriate solutions follow: 


16. 


14. 


19. 


Еке еп ООМИН, ota 
В 99 
su SmM _ 37M _ uso 
le 20mA 
1 0.159 
ч, nsi ise 866рЕ 
Coe 2тЕтге' 300МН2(1.850) E 
Cpc = Cobo = 30pF 
Refer to Figure 8-17A 
0.35 0.35 
и Ea t 0.35us 


S = 15% = 0.15 
F, = 0.318S Fin 
F+, = 0.318(0.15)(2kHz) = 95.4Hz 
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SUMMARY 


All RC-coupled amplifiers contain numerous capacitances. The various capacitors 
in conjunction with circuit resistances form three low-pass and two high-pass 
AC filters. Consequently, the overall frequency response characteristic is essen- 
tially that of an active bandpass filter. 


The “visible capacitors” consist of two coupling and one bypass capacitor. These 
capacitors form high-pass filters which shape the low-frequency portion of the 
overall response curve. For this reason, the lower cutoff frequency approximately 
equals Ғы, or Fe, or Fe,, whichever is higher. Formulas for these individual cutoff 
frequencies are provided in the unit. 


The two low-pass filters comprised of internal BJT and external parasitic capaci- 
tances shape the high-frequency portion of the overall response curve. Con- 
sequently, the upper cutoff frequency approximately equals Fp, ог Fc, whichever 
is lower. In practice, it is difficult to accurately predict F2 due to the uncertainty 
in actual parameter values. 


Square waves are frequently used to quickly evaluate the frequency response 
characteristics of an amplifier. By measuring the rise time of the output voltage, 
you can calculate F. from: 


Similarly, by adjusting the frequency of the square wave to obtain an output 
that sags, you can calculate Е; from: 


F, = 0.3185 Fin 


In addition, by noting the shape of the square-wave output voltage as you change 
component values, you can immediately see how each change effects the output. 
For these reasons, square-wave testing is very useful. 
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UNIT EXAMINATION 


The following multiple choice examination is designed to test your understanding 
of the material presented in this unit. Place a check beside the multiple choice 
answer (A, В, С, or D) that you feel is most correct. When you have completed 
the examination, compare your answers with the correct ones that appear after 
the exam. 


1 In a common-emitter amplifier, when F = F4, the phase angle equals: 
A. 225°. 
B. 180°. 
©. 135: 
D. 45°. 


2. Amplifier A has an upper cutoff frequency of 2MHz. Amplifier B has a rise 
time of 0.15 when tested with a square-wave. Therefore: 


Amplifier A has a better high frequency response. 
Amplifier B has a better high frequency response. 
Amplifier A has a better low frequency response. 

The sag of each amplifier is approximately equal. 


оош> 


З. For a certain amplifier F5, = 1MHz and Fc, = 6MHz. Therefore: 


A. Fo = 6МН2. 
B. Fo~1MHz. 
C. Fo = 7MHz. 


D. The sag is excessive. 


4. A certain amplifier has Fy, = 20Hz, Fc, = 80Hz, and Fe, = 320Hz. The 
amplifier’s lower cutoff frequency is therefore, approximately: 


А. 20Hz. 
В. 80Hz. 
C. 320Hz. 
D. 140Н2. 
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5: The frequency at which the current gain of a BJT in a common-emitter 
circuit is unity is called: 


The alpha cutoff frequency. 

The beta cutoff frequency. 

The current-gain bandwidth product. 
The upper cutoff frequency. 


com» 


6. Assuming Ет = 300MHz and = = 0.98, then Fg equals: 


A. 0.98 (300МН2). 
B. 300MHZ/O.98. 
C. 300MHz. 

D. 6.12MHz. 


7. For frequencies below F+ or above Р, the voltage gain of an RC-coupled 
amplifier rolls off at: 


A. 20dB/decade. 
B. 10dB/decade. 


C. 6dB/decade. 
D. 20dB/octave. 


The following information applies to questions 8 through 12. 


A fully bypassed common-emitter amplifier has: 


Ау „= —100 Со = 5pF 


Ет = 350MHz C, = 10uF 
Cs, = 40pF Rin = 2k 
Cs, = 30pF Rs = 6000 


8. Cbe is approximately: 


А. рғ. 

B. 312pF. 
С. 98.6pF. 
D. 61.4pF. 
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9. Cy is approximately: 


А. 61.4pF. 
В. 312pF. 
C. 5pF. 

D. 98.6pF. 


10. The total input capacitance is approximately: 


А. 40pF. 

B. 501pF. 
C. 606.6pF. 
D. 1pF. 


11. The total output capacitance is approximately: 


A. 5pF. 

B. 35pF. 
C. 501pF. 
D. 22.9pF. 


12. Assuming the high-pass base filter is dominant, the lower cutoff frequency 


is approximately: 
A. 6.1Hz. 
В. 33.7Hz. 
C. 60Hz. 
О. 127Hz. 


8-60 [шт bis 
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EXAMINATION ANSWERS 


1. А — Referring to the Bode plot in Figure 8-17B, you can see that the phase 
angle equals 225? when Е = F4. 


2. В-- Foramplifier B: 


0.35 0.35 


= 3.5MHz 
tr 0.1us 





Since Рв, > Fa, amplifier B has a better high-frequency response. 
3. В— Рг = Fb, ог Fc, whichever is lower. Therefore F2 = 1MHz. 
4. C— Е; = Fe, Fe, or Fe, whichever is larger. Therefore F, = 320Hz. 


5. С— The current gain bandwidth product is the frequency where the current 
gain of a BUT ina common-emitter circuit is unity. 


x 0.98 
| (Da hcc у 
Tem icc: d 
Ет 300MHz 
Er. - cB mz 
са 49 


7. А — In ап RC-coupled amplifier, the voltage gain rolls off at 6dB/octave 
and is equivalent to 20dB/decade. 


37mV а 37mV 


ENTE асан уш 
8 р Ы le 5mA и 
1 

C 
be Ену 
0.159 
ei gib 
Coe = 350MHz(740) Li 


9. A— Cy = Op, for a fully bypassed emitter capacitor. This is evident from 
Equation 8-13: 


gi 
С=С еа ее ee Note that ——əÁ 
2 ре [ Re, ЧЕ rer ] Re, T fe’ 


equals 1 when Re, = 0. 


Thus C, = 61.4pF 
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10. С — First calculate the Miller capacitance. 
Cm = (Ay + 1)Сьс 
Since Cy; = Cop = 5pF, апа (Ау, | = 100 
Cm = (100 + 1)5pF = 505pF 


Cin = 40pF + 505pF + 61.4pF 
CiN = 606.4pF 


Co = 5pF + 30pF = 35pF 


1 
"2«(Rs + Rin)Cy 
0.159 


Ғы = ——=— = 61H = F 
bi (6000 + 2kQ)10&F қ 


12. A—Fp, = 
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INTRODUCTION 


The experiments that follow have been designed to complement the material 
presented in Units 1 through 8. Before you build the experimental circuits, you 
should first read each experiment to make sure you understand the purpose 
of each step. 


Important Notice 


Newer Heathkit Electronic Design Experimenters have a 3-terminal power plug, 
rather than the conventional 2-terminal power plug. If you are using one of these 
newer Trainers, and the test equipment you are using (oscilloscope, voltmeter, 
etc.) also has a 3-terminal power plug, you must install a 3-wire to 2-wire adapter 
on the Trainer power plug. Without this adapter, the Trainer fuse may blow or 
you may obtain invalid results from some of the experiments. These adapters 
are inexpensive and readily available at most stores. 


This adapter is necessary only when you are making measurements not refer- 
enced to ground, using test equipment that has a 3-terminal power plug. 


CAUTION 


Make sure all pieces of equipment used in your experiments are connected 
to the same power source. 
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EXPERIMENT 1 


BJT DC CHARACTERISTICS 


Objectives: To examine a typical BJT data sheet. 
To experimentally determine values of B and a for 
a type MPS-A20 transistor. 
To plot the output (collector) curves for a type MPS- 
A20 transistor. 
To introduce the concepts of DC saturation and 
cutoff. 


Introduction 


The significant electrical characteristics of a particular BJT are summarized on 
the manufacturer's data sheet for that BJT. In this experiment, you will begin 
to examine a typical BJT data sheet. Initially, we will concentrate on those parame- 
ters introduced in Unit 1. As your knowledge of BJTs expands, so will your under- 
standing of the various other parameters and specifications typically included 
on the BJT data sheet. 


Two of the most important DC parameters are o and B. Recall that these parame- 
ters are usually defined as follows: 


On most data sheets, the value of B is indicated by the symbol hre. Once you 
know the value of B, you can calculate the corresponding value of o from the 
formula: 





Normally, the value of o is not provided on a BJT's data sheet. However, if 
it is, the symbol heg is used to indicate a. 


In this experiment, you will take the necessary measurements to plot the transis- 
tor's output curves for the common-emitter configuration. Recall that these curves 
indicate the relationship between the transistor's base current, collector current, 
and collector-to-emitter voltage. 
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Finally, you will be introduced to the concepts of DC saturation and cutoff. These 
concepts will prove useful when the topics of biasing schemes and amplifiers 
are discussed in later units. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads. 

Oscilloscope 

3 — NPN type MPS-A20 transistors (417-801) 
1 — 1kQ, 1/4-watt, 5% resistor 

1 — 5.6kQ, 1/4-watt, 596 resistor 

1 — 10КО, 1/4-watt, 596 resistor 

1 — 82k), 1/4-watt, 5% resistor 


Procedure 


1. Examine the data sheets for the MPS-A20 transistor provided in the 
Appendix at the end of Unit 9. Some calculations may be required. 


(a) Record the minimum and maximum values of o for іс = 5mA 
and Vcg = 10V. 


Q(MIN) ---------  O(MAX) = 


(b) Assuming hee = 200 for іс = 5mA, Усе = 10V, and TA = 25°C 
what value of he would you expect if Ic was increased to 100mA? 


Nee = 
(c) What is the largest value of lcgo you would expect to encounter? 
1СЕО(МАХ) = — 


(d) What is the maximum power the transistor can dissipate if the 
ambient temperature is 25°C?; 40°C? 


at 25°C. 





Рмад-- 


Рұмдҳ) = ——— ———— ——— — 8t 40'C. 
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Discussion 


Perhaps you experienced some difficulty locating the requested information. Fre- 
quently, you must “derive” the information you want from the information provided 
on a particular data sheet. Your ability to do this will increase as you become 
more familiar with typical data sheets. In any event, the requested information 
can be deduced as follows: 


(a) Values of = or heg are not given directly. However, under "Electrical 
Characteristics," note that minimum and maximum values of hfe 
are provided. Since hee — B, you can calculate the corresponding 
values of o. Specifically: 





В(мім) = 40, amin) = Bal = 0.976. 
400 
Bmax = 400, aman = m 0.998. 


(b) For Іс = 5mA, Vce = 10V, and TA = 25°C, В can have any 
value between 40 and 400. Here, we are assuming that for a par- 
ticular transistor, B — 200 for the specified conditions. 


The value of B varies with the value of collector current as shown 
in Figure 3, NORMALIZED DC CURRENT GAIN, on the data 
sheet. Note that the normalized value of hfe corresponding to 
lc = 100mA is 0.6. This means that the value of hre when 
lc = 100mA is 0.6 times the value of hee when Ic = 5mA. Thus: 


hee = 0.6 (200) = 120. 


(c) The maximum value of lcgo listed in the Electrical Characteristics 
is 100mA. Similarly, the maximum value of hfe is 400. Thus: 
Іскомах) = (В(маху + 1)!сво(мАх)- 
IcEO(MAX) - 401(100nA) = 40.1рА. 
This represents the “worst case" value of lcgo, since it is assumed 


that B and lcgo are maximum. In a sample of MPS-A20 transistors, 
typical values of Ilc=o would be much smaller. 
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(d) Under maximum ratings Pp = 350mW at an ambient temperature 
of 25°C. Note that above 25°C, the total power dissipation must 
be derated by 2.8mW/°C. Therefore, when the ambient tempera- 
ture is 40°C: 


Pp = Psc — DAT. 


Pp = 350mW — 





2.8туу (15°С) 
== В 


Pp = 350mW — 42mW = 308mW. 


On the data sheet, the subscript A indicates the ambient, surround- 
ing, temperature. Similarly, the subscript C indicates the case tem- 
perature. Note that calculations based on the case temperature, 
Тс do not have the same values of Pp and derating factor, as 
those based on ambient temperature. 


Procedure (Continued) 


2. With the ET-1000 Trainer turned off, construct the circuit shown in 
Figure E1-1A. Use the 100k and 1k) potentiometers on the Trainer 
for R. and Rə. Looking at the flat side of the transistor, the leads 
are identified as shown in Figure 1-1B. 





Figure E1-1 


Experimental circuit for steps 2-7. 
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3. Adjust R; and R2 to approximately mid-range, and then turn on the 
power. With the power on, make the following adjustments: 


(a) Adjust R; to get a collector current of 5mA. 


(b) Now adjust Re to get a collector-to-emitter voltage of 10V. Measure 
Vcg with the oscilloscope. 


(c) If necessary, readjust R; to get a collector current of 5mA. 


4. Measure the base current, lg. Your measured value will typically be 
within the range of 12.5рА to 125A. Record your measured value 
of lg next to T4 in Table E1-1. Turn the ET-1000 Trainer off. 


5. Repeat steps 2 and 4 for two additional MPS-A20 transistors. Record 
the measured base currents next to T; and Тз respectively in Table 
E1-1. 


| Б Nee 
Transistor (Measured) (Calculated) 


Conditions 





Table E1-1 


Data and calculations for steps 4-6. 
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6. Use the measured values of lg to calculate the value of hfe for each 
transistor. Record your calculated values in Table E1-1. 


7. Based upon the values of heg in step 6, calculate the value of с for 
each transistor: 


Nee, 
Nee, En 





Оң = 


Nee, 
Nee, 1 





ao = 


Nee, 
ee, +1 





Discussion 


The data sheet for the MPS-A20 indicates that h== should be within the range 
of 40 to 400, when Ic = 5mA, and Vcg = 10V. Assuming hee = 40, the corres- 
ponding value of lg is 5mA/40 or 125A. Similarly, if hee = 400, the corresponding 
value of lg is 5mA/400 ог 12.5рА. For this reason, the values of lg measured 
in steps 4 and 5 should be within the range of 12.5uA to 125A. 


| 
In step 6, you calculated the value of hee from the formula hfe = s> = 


5mA 


lg(MEASURED) 
to 400. You тау have observed significant variations in the value of hre from 


one transistor to the next. 


B 
. The calculated values of hee should be within the range of 40 


h 
Since a — a the value of a calculated in step 7 should be close to 
unity (1). Typically, о is within the range of 0.95 to 0.99. Comparing the results 
of steps 6 and 7, you can see that small changes in a produce large changes 


in Nee. 


мо 


Procedure (Continued) 


8. With the ET-1000 Trainer turned off, construct the circuit shown in 
Figure E1-2. Adjust R, and R2 to approximately mid-range. 


9. Turn the power on, and make the following adjustments: 


(a) Adjust R: until the voltage across Rg =0.1V. This sets the base 
current to 10рА. 


(b) Adjust Re to get a collector-to-emitter voltage of 6V. Measure Vce 
with the oscilloscope. 





Figure E1-2 
Experimental circuit for steps 8-16. 
10. Now use your multimeter to measure the voltage across Rc. Since 
Rc = 1kQ, the collector current equals the voltage across Rc divided 


by 1КО. Record the measured value of lc below the Vcg value of 
6V in Table E1-2. 


11. Complete Table E1-2 by adjusting Vcg to the remaining values indi- 
cated while recording the corresponding values of Ic. 


ls m 104A 


E E TEES ШІН ETE 
CR ИЯ INL ll n | 


Table E1-2 





Data for steps 9-11. 
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12. Adjust R, until the voltage across Нв = 0.2V. This sets the base 
current to 204A. Now adjust Re to obtain a collector-to-emitter voltage 
of eV. 


13. Record the measured values of lc corresponding to the values of Усе 
in Table E1-3. 










lg = 204A 


СЕЕ санта Ш 
DOE Sd Er ЖЕСІН 


Table E1-3 


Data for steps 12-13. 


14. Adjust Н+ until the voltage across Rg = 0.3V. This sets the base 
current to 30A. Now adjust Re to obtain a collector-to-emitter voltage 
of eV. 


15. Record the measured values of Іс corresponding to the values of Vcg 
in Table E1-4. 










lg = 30pA 


колай йй pas ice НЕЗ Е 
m ese che a ы od Е 


Table E1-4 


Data for steps 14-15. 
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16. Plot the values of Іс and Vcg in Tables Е1-2, E1-3, and Е1-4 on the 
graph paper provided in Figure E1-3. Label the curves lg = 10,A, 
2ОҺ А, and ЗОНА respectively. In Figure E1-3, note the expanded scale 
for values of Vcg less than 1V. 





Figure E1-3 


Graph for recording Vcg and Ic values for step 16. 


Discussion 


In this portion of the experiment, for values of lg equal to 102A, 20рА, and 30pA 
respectively, you measured values of lc corresponding to values of Vcg between 
0.1V and 6V. However, since the maximum value of 6V for Vcg, was less than 
the collector-emitter breakdown voltage, your curves illustrate the characteristics 
of a transistor well below the breakdown region. 


For values of Vcg greater than 1V, your curves should show that Ic remains 
almost constant as Vcg is increased to 6V. This indicates that, in this region 
of operation, the transistor acts like a constant current source, for a specific lg 
value, when viewed from the collector-emitter terminals. 
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Examine the portion of your curves for values of Vcg less than 1V. The value 
of Ic is primarily determined by the value of Vcg and not by the value of lg. 
The portion of each curve where Ic increases rapidly with a small increase in 
Vcg before the knee of the curve, is referred to as the saturation region. Except 
for switching applications, the transistor is generally not operated within this re- 
gion. When a transistor is operated іп the saturation region, Vcg is very small, 
typically a few tenths of a volt. 


Recall that when lg = 0, Ic = lcgo in the common-emitter configuration. Since 
Iceo is usually very small, the collector current is approximately zero. In this 
case, the transistor is said to be operating in the cutoff region. As was the 
case with the saturation region, the transistor is generally not operated within 
the cutoff region. 


Figure E1-4 illustrates the three possible regions of operation. Note that the region 
between cutoff and saturation is referred to as the active region. For most appli- 
cations, BJT's are biased to operate within the active region. 


SATURATION 
REGION 





-<5----СИТОҒҒ 
REGION 


SAAT ANAT АО 


Vcr 
(у) 
Figure E1-4 


Cutoff, active, and saturation regions of the common emitter 


output curves. 
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EXPERIMENT 2 
BASE BIAS AND COLLECTOR FEEDBACK 
CIRCUITS 
Objectives: To design an LED driver circuit. 


To design a base bias circuit. 

To design a collector-feedback bias circuit. 

To compare the B sensitivity of the base bias, and 
collector-feedback circuits. 


Introduction 


In base bias circuits, collector current is directly proportional to B. B varies widely 
from one transistor to the next, and also varies significantly with temperature. 
Therefore, the Q point in a base bias circuit is inherently unstable. Applications 
for base bias circuits are primarily limited to digital and switching circuits. 


Feedback improves the stability of the Q point. In this experiment, you will com- 
pare the B sensitivity of a base bias circuit with a similar collector-feedback circuit. 
As you will see, the presence of collector feedback only partially compensates 
for changes in B. In a later experiment you will examine several biasing schemes 
that provide very stable Q points. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads 

Oscilloscope 

3 — NPN type MPS-A20 transistors (417-801) 
1 — 6800, 1/4- watt, 5% resistor 

1--3.9КО, 1/4-watt, 5% resistor 

1 — 5.6kQ, 1/4-watt, 5% resistor 

1 — 680КО, 1/4-watt, 5% resistor 

1 — 1.5МО, 1/4-watt, 5% resistor 

1 — LED (412-640) 
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Procedure 


1. The LED in Figure E2-1 will provide adequate brilliance if the current 
through it is approximately 15mA. Calculate the required values for 
Rs and Rg assuming the voltage drop across the LED is approximately 





2V. 
Ro = > Rg = = KO. 
12V 
Rs 
—— 
— 
223. ZEE. Rp LED 
==0V 
40 < hpg < 400 
Figure E2-1 
Experimental circuit for step 1. 
Discussion 


Your calculations should be similar to the following: 


E 12V — 2V 
Rs = Wea Tan Б A — A NE 0.67KQ = 6700. 
liée 15mA 


To ensure adequate overdrive, Ів should equal 2lg(sAr, Thus: 


2\с(зАТ)_ = 2(15mA) 


= 0.75mA. 
hEE(MIN) 


ів = 2lesan = 


Butt Mee Маруа: 5У 07У а р 
г ТЕ 0.75тА me 


Therefore, standard value 6800 and 3.9КО resistors would be acceptable for 
this design. 


9-15 
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Procedure (Continued) 


2. Construct the circuit shown in Figure E2-2. Note that logic switch A 
on the ET-1000 Trainer is used to provide the input voltage to the 
LED driver. 


12V 


LOGIC SWITCH 





Figure E2-2 


Experimental circuit for steps 2 and 3. 


3. Use the oscilloscope to measure the output voltage from the logic 
switch for both switch positions. Also note the status of the LED (ON 
or OFF) for both switch positions. 


SWITCH POSITION OUTPUT VOLTAGE LED 


> >l 


Discussion 


The output voltage from the logic switch should be approximately 3.5V with the 
switch in the A position, and the driver circuit connected to A. In this case, suffi- 
cient base current flows to saturate the transistor. Consequently, the LED should 
be ON. 


When the logic switch is held in the A position, the switch output voltage is a 
few tenths of a volt or less. In this case, essentially no base current flows and 
the transistor is cutoff. The collector current is essentially zero, and the LED 
is OFF. 


LED drivers can be used as simple indicator lights, or as logic monitors in digital 
systems. Many other applications are also possible. 
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— Procedure (Continued) 


4. 


When a parameter varies over a wide range, circuit designers often 
use the geometric average of the parameter for purposes of calcula- 
tion. This is defined as the square root of the product of the parameter's 
minimum and maximum values. Calculate the geometric average for 
hee іп Figure E2-3. 


hre = —— — — — (geometric average). 


Using the value of hee obtained in step 4, calculate the values required 
for Rc and Rg in Figure E2-3. 


Re —; D2w2ma— Q q Oe 


12V 


leo 1mA 
Ес Vcrq óy 
40 < Nee = 400 


Figure E2-3 
Base bias circuit. 
Using the value of heg obtained in step 4, calculate the values required 
for Rc and Rg in Figure E2-4. 


Вс = ЖО, Re KQ. 





12V 


Rc Icq= 1mA 
Кв Veeg = 6V 


40=һр = 400 


Figure E2-4 


Collector feedback circuit. 
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Discussion 
Your calculations for steps 4 through 6 should be similar to the following: 
Step 4. 
Since һғесмім) = 40 апа hreqax) = 400, the geometric average is: 
hee = V 40(400) = 126.5. 
Step 5. 


Referring to the base bias summary guide: 


_ У — 6V 
Rc = Meo = Nero. TA = Ge. 
ca 


Assuming lcg = 1тА and hfe = 126.5, lsa equals 1тА/126.5 or 7.9рА: Thus: 


_ V — 0.7V 
Re = Weg = Mees ГАЙ ON лама. 
T 790A 


Selecting standard value resistors, Rc = 5.6КО and Rg = 1.5M2. 
Step 6. 


In the collector feedback summary guide, note that Rc and Іво are calculated 
as in step 5. In this case, the required value of Rg is: 


Жо ЧЫР ЖИ нуту ө m 
E lao 7.9pA : 


Using standard resistance values, Rc = 5.6КО and Rg = 0.68M0. 


— | 


Procedure (Continued) 


7. Construct the circuit shown in Figure E2-3. Here, Rc = 5.6КО and 
Вв = 1.5MQ. You will use your meter to measure collector current 
and the oscilloscope to measure collector-to-emitter voltage. 


8. Turn the power on, and record the measured values of Ico and Усео 
in the T, row of Table E2-1. Once you have recorded the measured 
values, turn the power off. 


9. Remove the transistor and mark it T,, then replace it with a second 
MPS-A20 transistor. Turn the power on and record the values of Ica 
and “сео in the Тг row of Table E2-1. Now turn the power off, remove 
the transistor and mark it Tə. Make sure you know which transistor 
is T4 and which transistor is To. 


10. Place the third transistor, Ts, in the circuit. Turn the power on, and 
record the measured values of Ica and “сео in the Тз row of Table 
E2-1. Turn the power off, and remove the transistor. Again, keep track 
of which transistor corresponds to rows T4, T2, and Тз. 





Table E2-1 


Data for the base bias circuit. 
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11. Using the first transistor, T4, construct the circuit shown in Figure E2-4. 
In this case, Нс = 5.6kQ and Rg = 0.68MQ. Turn the power on 
and record the measured values of Ica and Vceq in the Т, row of 
Table E2-2. Once you have recorded the measured values of Ica and 
Усео, shut the power off. 


12. Repeat step 11 for the second, T> and third, Ts transistors. 


irte pde a 
aE Бал iene 
БЕЛЕ НЫНЕ ЫЕ 


Table Е2-2 





Data for the collector feedback bias circuit. 


Discussion 


In this portion of the experiment two circuits were designed to provide a Q point 
at Ica = 1тА and Vceq = ӨУ. Prior to designing the circuits, the actual value 
of B for each transistor was not known. For this reason, the geometric average 
of B, or hee, was used to compute appropriate values of Нв for each circuit. 


Since B typically varies from one transistor to another, it is not likely that all 
three of your transistors have a B value close to the geometric average of һе. 
For this reason, you most likely observed changes іп the values of Ica and Vceq 
when different transistors were substituted in each circuit. 


Since collector feedback partially compensates for changes in B the changes 
in Ica and Vceo in Table E2-2 should be smaller than the corresponding changes 
in Table E2-1. In the final part of this experiment you will observe the effects 
of B variations due to changes in temperature. 
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Procedure (Continued) 


13. Examine Table E2-1 and select the transistor whose Ico and Усео 
values were closest to the desired values of 1mA and 6V respectively. 


14. Using the transistor identified in step 13, construct the base bias circuit 
in Figure E2-3. Here, Ас = 5.6kQ and Rg = 1.5М0. You will apply 
heat to the transistor and observe the change in Усе. However, before 
you actually perform this step, be sure to read the instructions, 
carefully, so you will know exactly what to do. 


15. Record the initial value of Vcg. 
Voce = ле ҮТҮ VE 


16. You may use a 20- to 40-watt soldering iron as a source of heat. 
Make sure the tip of the iron is clean, and that the iron is up to the 
proper operating temperature. Touch the tip of the iron to the flat side 
of the transistor and hold it there for exactly 20 seconds. Note the 
value of Vcg at the end of the 20-second period, at the instant you 
remove the soldering iron. 


After 20 seconds: Vcg = —______V.. 
17. Calculate the percent change in Vcg by using the following formula: 


Vce(step 15) — Vce(step 16) 


x 100. 
Vce(step 16) 


% change = 


% change -- percent. 
18. Wait five minutes to allow the transistor to return to room temperature. 


19. Construct the collector feedback circuit in Figure E2-4. Here Нс = 
5.6КО and Rg = 0.68M2. Record the initial value of Vcg. 


Мос sssi mat: „Бу, 


20. Repeat step 16 for the collector feedback circuit. Record the value 
of Vcg after 20 seconds as you did before. 


After 20 seconds Vcg =——— V. 
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21. Calculate the percent change in Vce for the collector feedback circuit. 


TS Vce(step 19) — Vce(step 20) во 
ы 9 Vce(step 20) i 


% change = ________ percent. 


Discussion 


Heating the transistor caused the value of B to increase. Since Іс = Bls, lc 
also increased when the transistor was heated. In both circuits, the collector-to- 
emitter voltage, Vcg, equals Vcc — IcRc. Consequently, a higher temperature 
results іп a lower Vcg value (as you observed іп the experiment). This was due 
to the increase in collector current. 


You should have found that the percent of change in Vcg calculated in step 
21 was less than the percent of change calculated in step 17. This was because 
the collector feedback circuit partially compensated for the increase in B. Obvi- 
ously, excessive temperatures should be avoided, so that the collector current 
does not exceed the maximum safe value. 
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EXPERIMENT 3 


VOLTAGE DIVIDER AND EMITTER BIAS CIRCUITS 


Objectives: To design a voltage divider bias circuit. 
To design an emitter bias circuit. 
To illustrate the stability of the Q point in each circuit. 
To analyze, and experimentally verify the operation 
of complementary PNP circuits. 


Introduction 


Linear transistor circuits require stable operating points. Consequently, a biasing 
scheme must be selected that establishes, and maintains the desired operating 
point despite unit-to-unit parameter variations, changes in temperature, and 
parameter variations with time. 


Since voltage divider and emitter bias circuits provide very stable operating points, 
they are the preferred biasing schemes for linear operation. In this experiment, 
you will investigate the characteristics of these very popular circuits. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads 

Oscilloscope 

1 — PNP type 2N3906 transistor (417-874) 
1 — NPN type 2N3904 transistor (417-875) 
1 — 2.2kQ, 1/4-watt, 5% resistor 

1 —6.8kQ, 1/4-watt, 5% resistor 

1 — 3.3МО, 1/4-watt, 5% resistor 

1 — 6.8МО, 1/4-watt, 5% resistor 

2 — 3.3КО, 1/4-watt, 5% resistor 

2 — 12КО, 1/4-watt, 5% resistor 
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Procedure 


1. In Figure E3-1, Vea = 30 percent of Vcc. Calculate the values required 
for the biasing resistors: 











Re = ____ KO, БЕ 
Ro = Re = `° КО, R; = KO. 
12у 
° 
Ico =1mA 
Ry VcEQ = 6V 
2N3904 
R2 Re 
Figure E3-1 


Voitage divider bias circuit. 
2. Calculate the resistors required for the circuit in Figure E3-2. 
Re = Re = — Ss OM and Re = — SSS. 


+12V 
lcg * 1mA 


Rc Veeg” 6V 


2N3904 


ВЕ 


-12V 


Figure E3-2 


Emitter bias circuit. 
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Discussion 
Your calculations should be similar to the following: 
Step 1. 


Referring to the voltage divider summary guide: 


Vea = 0.3(12V) = 3.6V 





V 3.6V 
Re ж ЕО = —— = 3.6kN. 
Ico 1mA 
Re = ec — (Veo + Моа). ТО Жы eam: 


Ico 1mA 
Ro = Re = 3.6k?. 


Ra(Vcc — Vea) 


R. = 
1 Мас 


Since Veg = 3.6V, Vao = 0.7V + 3.6V = 4.3V. Thus: 


3.6kQ(12V — 4.3V) 


R == 
: 4.3V 


= 6.45КО. 


Selecting standard value resistors for the design, you have: 
Re = 3.3k9, Re = 2.2k0. 
R2 = 3.8kQ, А; = 6.8k0. 


Step 2. 


Referring to the emitter bias summary guide: 


— — 0.7У 
Aa Nee Ме 5 DC = 1360 = Rs 
co m 


(Vcc + Vee) - (Vcea + IcaRe) 


Ro = 
Ica 


_ (12V + 12V) — [6V  1mA(11.3kQ)]. 


= 6.7КО. 
© 1тА 
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Selecting standard value resistors, you have: 


Re = Вв = 12k and Rc = 6.8К0. 


Procedure (Continued) 


3. Construct the circuit shown in Figure E3-1. Неге, Re =3.3kQ, Вс = 
2.2k0, Rə = 3.3kQ, and R, = 6.8kQ. You will use your oscilloscope 
to make voltage measurements and your multimeter to measure the 
collector current, Ic. 


4. Turn the power on and record the measured values of Ico, Vg, Vc, 
and Vg in Table E3-1. 


Quantity Measured Value 





rue 
Table E3-1 


Measured values for the voltage divider circuit when 
А; = 6.8КО and Н» = 3.3КО. 


5. From the data in Table E3-1 calculate the value of the collector-to- 
emitter voltage, Vce. 


Veg VEE Veet {за 5 „дй 


6. Turn the power off. Replace В, with a 6.8МО resistor and Rə with 
а 3.3MO resistor. 
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7. Turn the power оп, and repeat step 4. Record the measured values 
in Table E3-2. 


Measured Value 





Table E3-2 


Measured values for the voltage divider circuit when 
R, = 6.8MQ and R2 = 3.3МО. 


8. Calculate the values of lc(sar, and Усе(сит) for the voltage divider cir- 
cuit. Use actual component values for these calculations. 


lc(sAT) =— —“ = = rhÁA-and Vcecun кәмене zV. 
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9. Using the values calculated in step 8, sketch the circuit's DC load 
line in Figure E3-3. Indicate the location of the operating point, Q4, 
based on the data from Table E3-1. Also, indicate the location of the 
operating point, Q2, based on the data from Table E3-2. 


Ic (mA) 


xm : | ы ee ce! 
0 2 4 6 8 10 12 


Figure E3-3 


DC load line for step 9. 
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Discussion 


This voltage divider circuit was designed to provide the following values: 


log = 1mA. 
Усға = 6V. 
Vea = 3.6V. 
Vao = 4.3V. 


Also, since Ус = Vcc — IcRc, the quiescent collector voltage is 12V — 1mA 
(2.2kQ) or 9.8V. Consequently, your data in Table E3-1 and the value of Vcga 
obtained in step 5 should be close to the calculated values. 


In step 7, Ry = 6.8MQ and Ro = 3.3MQ. Note that the ratio of R4, to Ro is 
the same as in the original circuit. However, the measured values were very 
different from those obtained in step 4. 


Recall that in our analysis of the voltage divider circuit, we assumed the voltage 
divider to be unloaded. Specifically, we assumed that the equivalent resistance 
between the base of the transistor and ground was large when compared to 
the value of Rz. Also recall that we recommended you select the value of R2 
so that: 


R2 <10Re. 


In this case, the inequality just cited clearly is not satisfied, since 3.3MQ is not 
equal to or less than 3.3kQ. For this reason, the voltage divider is loaded down 
by the relatively small equivalent resistance between the base of the transistor 
and ground. As a result, the base voltage is considerably less than the 4.3V 
design value. Naturally, a smaller base voltage results in a smaller emitter voltage, 
and therefore smaller emitter and collector currents. 


In step 8, you calculated the values of lc(sar; and Усе(сит). Specifically: 


Vcc 12V 


^ 22k0 + 33k 


Усе(сит) = Vcc == 12V. 


Consequently, your load line, in Figure E3-3 should connect these two points. 
The operating point, Q4, should be near the center of the load line. Also, since 
the loading of the voltage divider is excessive, the second operating point, Qo, 
should be near the cutoff point. 
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Procedure (Continued) 


10. Construct the voltage divider circuit using Re = 3.3kO, Вс = 2.2k0, 
Re = 3.3kQ, and R: = 6.8kQ. Turn the power оп, and note the value 
of Vce. 


Voce = M. 





11. As you did in Experiment 2, perform the 20-second heating test. If 
necessary, refer to step 16 of Experiment 2 for the appropriate instruc- 
tions. Note the value of Vcg at the end of the 20-second period. After 
20 seconds, Vcg = _ C . . . . V. Turn the power off and wait 
for the transistor to return to room temperature. 


12. Construct the emitter bias circuit in Figure E3-2. Here: 
Re = Вв = 12КО and Rc = 6.8kQ. 


13. Turn the power on and record the measured values of Ico, Vg, Vc, 
and Vg in Table E3-3. 


Measured Value 





Table E3-3 


Measured values for the emitter bias circuit. 


14. Calculate the value of Vcg using the data in Table E3-3. 


Voce = Ve – Ve = — —V. 
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15. Again perform the 20-second heating test. Note the value of Vce before 
and after the 20-second heating period. 


Мсетїйа = -------.-У. 


Vce after 20 seconds = V. 





Turn the power off and wait for the transistor to return to room tempera- 
ture. 


Discussion 


Heating the transistors caused the value of B to increase. However, the properly 
designed voltage divider and emitter feedback circuits provided a Q point that 
was largely immune to B variations. You should have observed very little change 
in Vcg in steps 11 and 14. 


The emitter bias circuit was designed to provide a Q point at: 
lcg = 1mA and Vcgo = BV. 
Using these values, you can calculate Vc as follows: 
Vc = Vcc - IcRe = 12V — 1mA(6.8k0) = 5.2V. 


Recall that in an NPN emitter bias circuit, Vg is negative and typically has a 
magnitude less than 1V. A reasonable approximation is to assume Vg = —0.7V. 
Since Vg = Vee + Vg, and Vge = 0.7V the base voltage іп an emitter bias 
circuit is approximately OV. 


For these reasons, your data in Table E3-3 and the value of Vcg obtained in 
step 14 should agree with the values just stated. 
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Procedure (Continued) 


16. Figure E3-4 illustrates the complementary PNP circuit for the volt- 
age divider circuit designed earlier. Consequently, Ica = 1mA and 
Vceq = – 6У. Calculate the terminal-to-ground voltages. Record the 
calculated values in the appropriate column in Table E3-4. 


12V 

3. 3kQ з 
2N3906 

6. 8kQ AG 
Figure E3-4 


Complementary PNP voltage divider circuit. 


17. Construct the circuit shown in Figure E3-4. Make sure you use the 
PNP 2N3906 transistor when you build the circuit. Enter your mea- 
sured values of Vg, Vc, and Ve іп Table E3-4. 


Table E3-4 





Calculated and measured values for steps 16 and 17. 
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18. Figure ЕЗ-5 illustrates the complementary PNP circuit for the emitter 
bias circuit previously designed. As before, Ica = 1mA and Усео = 
— 6V. Calculate the terminal-to-ground voltages. Record the calculated 
values in the appropriate column in Table ЕЗ-5. 


*12V 
12kQ 
2N3906 
12kQ 6. 8kQ 
E V 
Figure E3-5 


Complementary PNP emitter bias circuit. 


19. Construct the circuit shown in Figure E3-5. Record your measured 
values of Vg, Vc, and Ve in Table E3-5. 


Voltage Calculated Value Measured Value 





Table E3-5 


Calculated and measured values for steps 18 and 19. 
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Discussion 


In the complementary PNP circuits, the magnitudes of the terminal currents and 
terminal-to-terminal voltages are essentially the same as those in the original 
NPN circuits. Note that the current directions and voltage polarities have been 
reversed. Reversed polarities are the only major differences between NPN and 
PNP circuits. 


In Figure E3-4 the negative side of the 12V supply voltage is the reference, 
or ground point. Therefore: 


Ve = Voc — leRe = 12V — 1mA(3.3k0) = 8.7V. 
Ve = IcRc = 1mA(2.2kQ) = 2.2V. 
V(6.8k() 
Vg = _— V(68kO) _ = 8.08V. 
3.3k0 + 6.8k0 


Your calculations for step 16 should be similar to these calculations. In addition, 
your measured values in step 17 should generally agree with these calculations. 


In Figure E3-5, the collector-to-ground voltage, Ve is: 
Ус = (Вс — Vcc = 1mA(6.8k0) — 12V = —5.2V. 


In a PNP emitter bias circuit, Ve is positive and approximately equal to 0.7V. 
Also, since Vse is negative, the base-to-ground voltage is approximately OV. Your 
calculated values in step 18, and measured values in step 19 should be close 
to the values just stated. 
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ЕХРЕНІМЕМТ 4 


x 10 СОММОМ-ЕМІТТЕН VOLTAGE AMPLIFIER 


Objective: To design and experimentally verify the operation 
of a typical х 10 common-emitter voltage amplifier. 


Introduction 


In this experiment, you are to design a common-emitter voltage amplifier accord- 
ing to the following specifications. 


Voltage gain = 10. The voltage gain should not vary greatly with variations 
in һе- and re’. 

Load resistance = 2.2kQ 

Lowest signal frequency = 100Hz. 

Supply voltage = 20V. 

Quiescent collector current = 3mA. 


Since the voltage gain must be stable with respect to variations in Nee and re’, 
and since a single supply is specified, a voltage divider biasing scheme is selected 
for the design. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Multimeter with test leads 

Oscilloscope 

1 — NPN type 2N3904 transistor (417-875) 
1 — 1200, 1/4-watt, 5% resistor 

1 — 1КО, 1/4-watt, 5% resistor 

1 — 2.2kQ, 1/4-watt, 5% resistor 
1--3.3КО, 1/4-watt, 5% resistor 

1 — 3.9kQ, 1/4-watt, 5% resistor 

2 — 1.5КО, 1/4-watt, 5% resistors 

3 — 47рЕ, 50V, electrolytic capacitors 
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Procedure 


Refer to the voltage divider circuit in the design guide provided in Unit 3. Following 
the steps in the design guide, proceed as follows. 


1. lco = 3mA. 


37mV 37mV 





EN = = —0. 
a: `° ісо ЗтА 
a Re, = 10r,’ == 
ЕТЕУ СВОГО = == с^! 
do EP ко 
етт 
6. Хосеа = Ica(Re, + n) = М. 





7. Vea = Vcc - [lcaRc + Мсва] = ——ə v 
8. Re = VedIeq = —КО. 

бу мы Бек Bee Reames NO. 

10. Select Ro = 1.5k0. 


Rə(Vcc — Veo) _ ко, 


12. Assume hfe = 100. 
Німвлве) = hie(Rg, + fe’) = — “0. 
Rs = А.А = kO. 
Rin = RallRincsasey) = КО. 


3.18 











C: = ye ee a F. 
: FiRiN Дд 
3.18 
Е ae F. 
C? = -ERC 2 
3.18 
Сз = — AE 


ЕНЕ, 
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Discussion 


Steps 1 through 12 outline the design process. Your calculations should be similar 
to the following: 


1. ісо = 3mA. 
37mV 37mV 
2. = ------------ = 12.30. 
le ym RA 12.30 


3. Re, = 10re’ = 10(12.30) = 1230. 
4. п = Ay(Re, + ге’) = 10(1230 + 12.30) = 1.35k0. 


Run 2.2kQ(1.35kQ) 
Б вае аске, қ 
eU -n 200-1380 69 


6. Моска = lco(Re, + п) = ЗтА(1230 + 1.35kQ) = 4.42V. 


7. Vea = Vcc - [lcoRc + Vceol. 
= 20V — [3mA(3.49kQ) + 4.421]. 
= 20V — 14.89%. 
= 511V. 
8. Re = Мосо = 5.11V/3mA = 1.7К0. 
9. Ве, = Re – Re, = 1.7kQ — 1230 = 1.58k0. 


10. R2 x10Rg. Since Re = 1.7kQ a standard value 1.5КО resistor is a 
reasonable choice for Ro. 


11. With Veg = 5.11V, Vag = 5.11V + 0.7V = 5.81V. 


RaVcc — Vedl _ 4 sgo [20V - 5.81V| 
Ven i 5.81V 


R: = = 3.66k. 


12. For most general purpose BJT's, it is reasonable, for the purpose of 
initial calculation, to assume hrs = 100. Thus: 


Rinease) = hie(Fig, + fe’) = 100(1230 + 12.30) = 13.53k0. 
Вв = RillRe = 3.66к0]|1.5К0 = 1.06к0. 


Rin = RallRincsase) = 1.06k0/13.53kO. = 9832. 
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The minimum capacitor values are: 





3.18 3.18 
Cue =— 2 3hE. 
FiRin 100(983) 
л 3.18 
CREE беш TT 
Е.А. 100(2.2kO) 
3.18 
(rm ЫН 2. EE So Wi 


FiRe, 100(1.58К0) 


In addition, the capacitor voltage ratings should exceed the following values: 
Vc, > Vao Thus Ус, > 5.81%. 


Vc, > Уса Thus Үс, > 20 — ЗтА(3.49К0). 
Vc, > 9.53%. 


Vc, > Vea Thus Vc, > 5.11%. 


It is a good idea to select capacitors that аге larger than the minimum values. 
We selected three 47Һ.Ғ, 50V electrolytic capacitors for this design. 


The following table summarizes the calculated resistor values, and the standard 
value resistors selected for the actual circuit. 


= [= 
ЕСЕ БЕГЕН БЕГЕН 


p 15k 


Table E4-1 












Calculated and standard resistor values. 
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Procedure (Continued) 


13. With the power off, construct the circuit shown in Figure E4-1. Be 
sure to observe the correct polarity when placing the electrolytic 
capacitors in the circuit. Also, note that the 100k potentiometer on 
the ET-1000 Trainer is used as a variable voltage divider. 


Vo 


2. 2kQ 





100kQ POTENTIOMETER ON ET-1000 TRAINER 


Figure E4-1 


х 10 common-emitter voltage amplifier. 


14. Turn the power on, and adjust the supply voltage to + 20V. 


15. Adjust the 100kQ potentiometer to obtain an input voltage, ум of 0.1V 
peak. The frequency of the input signal should be 1kHz. 


16. Use the oscilloscope to measure the peak output voltage. If you have 
a dual-trace oscilloscope, you can simultaneously measure the input 
and output voltage. In this case, you should observe a 180? phase 
difference between the input and output signals. 


МОТ ----Уреак. 
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17. Calculate the measured value of the voltage gain. 


step 16 
и... oe oe 


0.1V 


This value, should be reasonably close to 10, since this is the value 
the amplifier was designed for. 


18. While measuring the output voltage with the oscilloscope, vary the 
100КО potentiometer until the output signal is clipped on both the posi- 
tive and negative peaks. Record the measured clipping levels. 


V+ (positive clipping level) = V. 


V- (negative clipping leve!) = ________V. 


Discussion 


Re, was chosen to be approximately ten times larger than a typical value of 
re . For this reason, variations іп re’ should not produce significant changes іп 
the small signal voltage gain, Ay. The voltage gain calculated in step 17 should 
be close to the design value of 10. 


The design procedure for single-supply circuits should result in component values 
that place the operating point near the center of the AC load line. Ideally, 
V+ = V = Vcea or 4.42V for the circuit designed in steps 1 through 12. 


Due to component tolerance, the values of V* and V^ measured in step 18 
probably differ from the ideal +4.42V values. Nevertheless, you should have 
observed that the positive and negative clipping levels in step 18 were approxi- 
mately equal. Also, the actual clipping levels will typically be within +1V of the 
ideal values. 


By carefully observing the output waveform as you increase ум, you should note 
that one or both output peaks tend to "round off" as the clipping levels are ap- 
proached. This rounding of the output peaks indicates the presence of nonlinear 
distortion. For small signal operation, the swing in the output voltage is usually 
restricted to values well below the clipping levels. In this way, the effects of non- 
linear distortion are minimized. 
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Procedure (Continued) 


19. The data sheet for a 2N3904 lists the minimum and maximum values 
of hfe as 100 and 400 respectively. These values are given for: 
lc = 1mA, Vce = 10V, апа f = 1kHz. Even though Ico and Vceo 
are different from these values, you can use the data sheet values 
as approximations of the probable spread in hfe. 


Using the component values in Figure E4-1, calculate the minimum 
and maximum values you would expect for Rin. 


Аммм = —— —— k, Ria = ———  — КО. 


20. Insert a 1kQ resistor in series with the amplifier input lead as shown 
in Figure E4-2. Note that the amplifier acts like a resistance equal 
to Rin when viewed from the signal source. 


AMPLIFIER 


1kQ 





| 
| 


II PR ae > 


100К0 POTENTIOMETER ON ET-1000 TRAINER 


Figure E4-2 


By measuring v, and v; you can determine the amplifier's 
input resistance, Rin. 


21. Adjust the 100k potentiometer so that v4 = 0.2V peak. Now measure 
the voltage from point B to ground. 


V4 = vA = .2V peak. 
v = ув = |. . . . Vpeak. 
22. Use the following formula to calculate the amplifier's input resistance. 


voR 


vi — Vo 





Rin = s G 
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Discussion 


Your calculations for step 19 should be similar to the following: 


Вв = RyllRe = 3.9К0|1.5КО = 1.08К0. 


Re, + r,' = 1200 + 12.50 = 132.50. 
When hte = 100: 
Ring@asey = 100(132.50) = 13.25КО. 
When hre = 400: 
Вікқвлве) = 400(132.50) = 53k0. 
Since Rin = RellRinease): 


Rinmin) = 1.08КО(13.25КО = 9990 = 1k. 


RiN( MAX) = 1.08k0]|53k0, = 1.06k0. 


Due to the fact that Rg << Rinase), Rin is primarily determined by the values 
of R, and Ra. If the values of R, and R; were larger, Вім would vary significantly 
with variations in hre. 


In Figure E4-2, the voltage across Ry via voltage division is: 


Lo = T. (xx 
g , R + Rn : 


If you solve this expression for Rin, you obtain the formula given in step 22. 
This is a simple, but useful, formula that can be used to calculate an amplifier's 
input resistance from experimental data. 


Based on the calculations in step 19, you should have obtained a value for Rin 
of approximately 1КО in step 22. 
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Procedure (Continued) 


23. Remove the 1kQ resistor used in step 20. Adjust the 100КО poten- 
tiometer to obtain an input voltage of 0.2V peak-to-peak. Remove the 
2.2kQ load resistor, R,, and then measure the peak-to-peak output 
voltage. 


vo = ---------Уреак-іо-реак = vm. 


24. Reconnect the 2.2kQ load resistor. Then measure the peak-to-peak 
output voltage. 


vo = Уреак-о-реак- v. 
25. Use the following formula to calculate the amplifier's output resistance. 


Буе (тн — АЈА _ ко. 


МЕ 


Discussion 
When viewed from the load terminals an amplifier can be modeled by a Thevenin 


equivalent circuit. When R. = œ the output voltage equals утн as shown in Figure 
E4-3A. 


AMPLIFIER 


UNLOADED OUTPUT VOLTAGE 


AMPLIFIER 

Е cn 

| O 

| кы 
| Pru) RL Ka VIRG L 

1 

| Ü 

EN m | 

LOADED OUTPUT VOLTAGE 


Figure E4-3 


By measuring vo with and without a load resistor, В,, you can 
determine the amplifier's output resistance, Ro. 
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With А, connected across the output terminals, the output voltage depends upon 
the values of vt}, Во, and R. as shown in Figure E4-3B. The load voltage via 


voltage division is: 
VL = VTH Ro Ë R. E 


By solving this expression for Ro, you obtain the formula given in step 25. 

The output resistance of a common-emitter amplifier is approximately equal to 
the value of the collector resistor, Rc. Thus, when you calculated Ro in step 
25, you Should have obtained a value for Ro of approximately З.ЗКО. 


Generally speaking, the methods used in this experiment to measure Ам and 
Ro provide values that are within 2096 of the actual values. 


Procedure (Continued) 


26. Adjust the 100k9 potentiometer shown in Figure E4-1 so that the 
output voltage is clipped on both the positive and negative peaks. 
This is exactly what you did previously in step 18. 


27. Predict the clipping levels you would expect if R. = о. 


Visa p шешке ые 


28. Remove the 2.2КО load resistor from the circuit and record the actual 
clipping levels. 
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Discussion 


As discussed previously, the clipping levels observed in step 26 should be approx- 
imately equal to + 4.42V. When we designed the original circuit, in steps 1 through 
12, we used the following values: 


Ico = 3mA. 
Уско = 4.42V. 
Rc = 3.49КО. 
Re, = 1230. 
В, = 2.2к0. 
r. = 1.35КО. 


Using these numbers, let's predict the clipping levels, assuming RL = о, which 
is equivalent to “removing R, from the circuit.” 


Since г, = Rgl|R,, when В, = ©, you have: 
r. = Rell = Rc or 3.49k0. 


Ideally, the value of r, should not affect the DC currents and voltages. Con- 
sequently, Ico and Vceo are assumed to be 3mA and 4.42V respectively. Thus: 


V^ = Vcgo = 4.42У, as before. 
The positive clipping level is determined by: 
V+ = lca(Re, + n). 
V+ = 3mA(1230 + 3.49kQ) = 10.84V. 


Thus, the clipping levels predicted for step 27 are V* = 10.84V, and 
V^ = 4.42V. The values you observed in step 28 should be reasonably close 
to the calculated values. 
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When R. was removed from the circuit in step 28, you probably noticed a small 
change in the negative clipping level. This change occured because the AC collec- 
tor voltage is no longer symmetrical above and below the DC collector voltage 
level. Specifically, the area above Vcq is larger than the area below Vcq as 
shown in Figure E4-4B. This changes the average, DC, value of the collector 
voltage, which in turn changes the DC collector-to-emitter voltage. Since Voe 
changes, the value of the negative clipping level must also change. 


Veit) 





SYMMETRICAL AC COLLECTOR 





NON SYMMETRICAL AC COLLECTOR 


Figure E4-4 


When the AC collector voltage is symmetrical, the average, DC, 
collector voltage equals Vco. However, if the AC collector voltage 
is non-symmetrical, the average, DC, collector voltage 
no longer equals Vco. 

A. Symmetrical AC collector voltage Voc = Усо- 
B. Non-symmetrical AC collector voltage Voc = Vca- 
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To accurately predict this change in the clipping level, a rather complex analysis 
is required. This effect is much more pronounced in high gain amplifiers since 
a small change in the input voltage produces a relatively large change in the 
collector voltage. 


Naturally, this “problem” can be avoided by restricting the input signal to values 
that do not result in a clipped output signal. 
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EXPERIMENT 5 


x 100 COMMON-EMITTER VOLTAGE AMPLIFIER 


Objective: To design and experimentally verify the operation 
of a high gain common-emitter voltage amplifier. 


Introduction 


In this experiment, you are to design a common-emitter voltage amplifier accord- 
ing to the following specifications. 


Typical voltage gain = 100. Large unit-to-unit variations are permissible. A 
given unit however, should have a minimum gain of 50. 

Load resistance = 10КО. 

Lowest signal frequency = 100Hz. 

Supply voltage = 12V. 

Quiescent collector current = 2mA. 


Considering the gain and stability requirements, select a collector and emitter 
feedback circuit for the design. Naturally, the emitter resistor will be fully bypassed 
due to the high gain requirements. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

1 — NPN type 2N3904 transistor (417-875) 

1 — 1.8kQ, 1/4-watt, 5% resistor 

1 — 2.2kQ, 1/4-watt, 5% resistor 

1 — 10kQ, 1/4-watt, 5% resistor 

1--270КО, 1/4-watt, 5% resistor 

3 — 47,F, 50V, electrolytic capacitors 

1 — 100kQ potentiometer located on Trainer 
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Procedure 


Refer to the collector and emitter feedback circuit in the Design Guide provided 
in Unit 3. Following the steps in the Design Guide, proceed as follows: 


t. Ico = 2mA. 


37mV 37mV 


— 18.50. 
lca 2mA 








3. Re, = Osince the emitter resistor is fully bypassed. 


4. п= АВЕ + fe’) = “ЧЕМ ко, 





Rir. 
5. Rc = ——— = ко. 
x R. аз 
6 "Vega = CORETANE шт ыш 
7. Vea = Vcc - [lcoRc + Vceq] = C V. 


8. Re = Vgollco Sn 
9. Re, = Re since Re, = 0. 


10. Assume hfe = 200 to calculate Іво. 








11. Rinease) = hte(Re, + re") = LQ. 
Ав 
= Вв = ——— = КО. 
Ав Re Ay +1 
Rin = RellRingase) = ————— — — —KQ. 
3.18 
eT 
E ҒіНім 3 
3.18 
To 
5 F4RL b 
3.18 
C3 = —— —— NB | 





F,Re 
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Discussion 


Steps 1 through 11 outline the design process. Your calculations should be similar 
to the following: 


1. 


10. 


lca = 2mA. 








п = Av(Re, + ге’) = 100(0 + 18.50) = 1.85К0. 


A Ruf “ламды ng 
C “R. n Oka —f85k0 - : 


Усға = Ica(Re, + п) = 2mA(0 + 1.85КО) = 3.7V. 


Vea = Vcc - [lcoRc + Усесі. 
= 12V — [2mA(2.27kM) + 3.7V]. 


= 12V - 8.24V. 
= 3.76V. 
Vea 3.76V 
Re- eee 251 : 
E m ОПА 1.88КО 


Re, = Re = 1.88КО. 


Ica 2mA 
| = — — — = Б 
BQ = 3 200 104A 





Мсво - Vee 3.7V — 0.7V 
R = —————— = eC – 
в | ТОНА 300k. 
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11. RIN(BASE) = hi (RE + re') = 200(0 + 18.50) = 3.7kQ. 


R 300kQ 
a eee = БЫ Оу 


A. = Re’ = 
ELS el y EE 101 





Rin = ReallRinease) = 2.97КО|З.7КО = 1.65КО. 


3.18 3.18 
(5 = —— W F” = _——— = b 
!—E 100165 ШЫ MR 
anote es 43/18 oh cocer. 
2  F,RL 100(10к0) Шш; 
3.18 3.18 
(Ссс а шк A есен 
3 Е.А  100(1.88kQ) ISSER 


The calculated capacitor values are minimum values. The capacitor voltage rat- 
ings should exceed: 


Ус, > Vao Thus, Ус, > (Veg + Vee) or 4.46V. 
Vc, > Уса Thus, Vc, > [12V — 2mA(2.27kQ)] or 7.46V. 


Vc, > Vea Thus, Vc, > 3.76V. 


As in Experiment 4, we select three 47uF, 50V, electrolytic capacitors for the 
design. 


The following table summarizes the calculated resistor values, and the standard 
value resistors selected for the actual circuit. 


RESISTOR CALCULATED VALUE STANDARD VALUE 
[om | гю 2да 


Ас 


Table Е5-1 






Calculated and standard resistor vaiues. 
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The data sheet for a 2N3904 lists the minimum and maximum values of hye as 
100 and 400 respectively, for Іс = 1mA, Vcg = 10V, and F = 1kHz. Similarly, 
htemin) iS given as 70, for lc = 1mA and Vcg = 1V. No maximum value of 
hie is listed for these conditions. Since both hfe and he vary widely from unit 


to unit, we assumed both hfe and hfe were approximately 200 in steps 10 and 
11. 


Procedure (Continued) 


12. With the power off, construct the circuit shown in Figure E5-1. Make 
sure the electrolytic capacitors are inserted with the correct polarity. 


10kQ 
lVrms(~ 


= 1kHz 





100kQ POTENTIOMETER ON ET-1000 TRAINER 


Figure E5-1 


x 100 common-emitter voltage amplifier. 


13. Turn the power on and adjust the 100k potentiometer so that vin 
equals 10mV peak-to-peak. The frequency of the input signal should 
be 1kHz. 


14. Use the oscilloscope to measure the peak-to-peak output voltage. 
vo = М peak-to-peak. 
15. Calculate the measured value of the voltage gain. 


(hp vo(step 14) = 
ы 10mV | 
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16. Assuming 100 < hee < 400, calculate the minimum and maximum 
values you would expect for Rin. Use the component values in Figure 
E5-1 for your calculations. 


Rinmin) = — —, Нымау- ah we UNAM. 


17. As you did in Experiment 4, insert a 1kQ resistor in series with the 
amplifier input lead. If necessary, refer to Figure E4-2. 


18. Adjust the 100kQ potentiometer so that v, = 400mV peak-to-peak. 
Measure уә. 


у = V peak-to-peak. 
19. Calculate the amplifier's input resistance. 


1kQ 
ma er ens cal RO 


Mi SUO 


20. Remove the 1КО resistor used in steps 17 through 20. Replace the 
2.2k© load resistor with this 1k resistor. 


21. Adjust the 100kQ potentiometer so that vo is 0.4V peak-to-peak. We 
will call this value of vo, v.. 


22. Remove the 1КО resistor, and note the peak-to-peak value of the out- 
put voltage. We will call this value of vo, vm. 


мн = ——— — ——— — —— N peak-to-peak. 
23. Calculate the amplifier's output resistance. 


ENCORE _ rt 
VL 
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Discussion 


In Experiment 4, it was relatively easy to estimate values for Rinmin) and RIN(MAX)- 
In this case however, the process is more complex due to the following reasons: 


a. Since the circuit uses collector feedback, the value of Кв’ depends 
upon the actual value of a particular unit's voltage gain. Recall 
that: 


Ав 


Вв = ——ə—-.ll 
B Ay + 1 


b. In this case, Ay = ru/re'. Since ге” varies widely from unit to unit, 
you can expect large unit-to-unit variations in Ay. 


с. It is assumed that 100 < hfe < 400. Since Riwgase) = Neve’ 
you will find large unit-to-unit variations in RinBase): 


Therefore, to accurately predict the range of the unit-to-unit values of Rin, you 
must take all of the previous factors into account. To begin, let's consider the 
expected variations in gain due to variations іп гь’. 


Recall that re' typically is such that: 


26ту 52mV 
«T5 < : 




















Ico е lea 
fre = T - шм =130 
Then Ay = Lx 2201000 = 138.7. 
Similarly, if re” = am = some = 260 
Then Ay = P 220100 = 69.4, 


The expected range in the unit-to-unit voltage gains is 69.4 to 138.7. Recall that 
the specifications stated that a particular unit should have a minimum gain of 
50. 
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А Ав А , 
Since Вв’ = eS the expected range in values of Rg’ is: 
м 
Ба = ТК reat 1.93КО, t am 3.84kQ 
Ст ша NET eS s 


Since 100 < hte < 400, you can expect unit-to-unit variations in В,мвлѕе) to 
be between: 


Rinease) = 100(re’(miny); to 400(Te (ux). 
= 100(130) = 1.3КО, to 400(260) = 10.4k0. 


A summary of the calculations to date is provided in Figure E5-2. Here, the arrow 
means “produce.” 


VARIATIONS IN re’ > VARIATIONS IN Av г> VARIATIONS IN Rg 
BETWEEN BETWEEN BETWEEN 
130 AND 262 69.4 AND 138.7 1. 93kQ AND 3. 84kQ 
VARIATIONS IN h VARIATIONS IN R 
BETWEEN © > BETWEEN “NBASE 
100 AND 400 1.3kQ AND 10.4kQ 
Figure E5-2 


Summary of partial calculations for step 16. 


Since Rin = RallRiw(gase, the expected range of variations in RiN are: 


Rin = 1.93КО1.3КО = 7800, о 3.84k0||10.4kO = 2.72k0. 


Based upon this rather lengthy analysis, the value of Rij obtained in step 19 
probably was between 7800 and 2.72КО. The resistor tolerance and measure- 
ment accuracy could account for up to an additional 15 percent variation from 
the calculated values. 


The procedure for measuring the amplifier's output resistance in steps 20 through 
23 was similar to the technique employed in Experiment 4. The 1КО resistor 
was used so that the difference between v, and vty would be large enough 
to obtain accurate data. Since Ro = Rc, the value obtained in step 23 should 
be approximately equal to 2.2k0. 
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Procedure (Continued) 


24. Reinstall the 2.2k0 load resistor. Adjust the 100k potentiometer so 
that the AC output voltage is minimum. 


25. Slowly turn the 100kN potentiometer until clipping just occurs on one 
peak of the output voltage. Record the value of this clipping level. 


Мець = "acp 


26. Continue to turn the 100kQ potentiometer until both peaks of the AC 
output voltage are clearly clipped. Does the clipping level observed 
in step 25 change? 


Discussion 


In Experiment 4, you observed clipping levels that were approximately equal. 
This was the case for the following reasons: 


a. For a given value of Ico, the design procedure lets you calculate 
the component values that result in an operating point near the 
middle of the AC load line. 


b. If the operating point is near the middle of the AC load line. 
VESNE Vcea- 


c. The voltage divider circuit, used in Experiment 4, provides a value 
of Ico that is essentially independent of B. For this reason, the 
actual value of Ico was very close to the design value. This ensured 
that the circuits actual operating point was near the center of the 
AC load line. 


This experiment used a collector and emitter feedback biasing circuit. The operat- 
ing point in this circuit isn't nearly as independent of B, as a voltage divider 
biasing circuit. For this reason, the actual operating point probably differed slightly 
from the design value. The actual operating point probably was not exactly in 
the middle of the AC load line. 


Given the large gain of the amplifier, a slight increase in vy quickly produces 
saturation or cutoff on one half cycle or the other. When this occurs, the aver- 
age, DC, collector voltage changes, which in turn shifts the Q point. 
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Since a shift in the Q point occurs, the values corresponding to íc(sAr) and vcg(cur) 
change. For this reason, a noticeable shift in the clipping levels in step 26 de- 
pended upon the amplitude of viy. 


Comparing the results of Experiment 5 with those obtained in Experiment 4 illus- 
trates the fact that the shift in actual clipping levels is considerably more pro- 
nounced in large gain amplifiers. 
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EXPERIMENT 6 


x 10 COMMON-BASE VOLTAGE AMPLIFIER 


Objective: To design and experimentally verify the operation 
of a typical x 10 common-base voltage amplifier. 


Introduction 


In this experiment, you will design a common-base amplifier comparable to the 
common-emitter amplifier designed in Experiment 4. In addition, you will experi- 
mentally determine the output resistance, Rs, of the Heathkit ET-1000 Design 
Trainer. 


The specifications for the amplifier you are to design are as follows: 


Voltage gain = 10. 

Load resistance = 2.2kQ 

Lowest signal frequency = 500Hz. 
Supply voltage — 20V. 

Quiescent collector current = 3mA. 
Biasing scheme — voltage divider. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

1 — NPN type 2N3904 transistor (417-875) 

1 — 1002, 1/4-watt, 5% resistor 

1 — 1200, 1/4-watt, 596 resistor 

1 — 6800), 1/4-watt, 5% resistor 

1 — 2.2kQ, 1/4-watt, 5% resistor 

1 — 3.3КО, 1/4-watt, 5% resistor 

1 — 3.9КО, 1/4-watt, 5% resistor 

2 — 1.5КО, 1/4-watt, 5% resistor 

2 — 10һЕ, 50V, electrolytic capacitors 

1 — 1004F, 50V, electrolytic capacitor 

1 — 100kQ potentiometer located on Trainer 


— Procedure 


Refer to the voltage divider circuit in the common-base design guide provided 
in unit 4. Refer to the steps in the Design Guide, and proceed as follows: 


115 ісо = 3mA. 


2 ‚_ 37mV _ 37mV 
Sule he eae A 








— a ЧЕ: : 


3: Re, = 10r,’ Se eee 


4. l= Av(Re, + re') = bc i mL MU. 


5. Rc- = ЕҢ Т жб Pr. 

B. Уса lodi = SY: 

72 Meg = Мес = lleeRe + Vesa! Vase. ез mv. 
8. Ве = TR yt... езе. 


9$ АЕ = ВЕ he =  —  — К. 
10. Select Ro = 1.5КО. 


Ra(Vcc - V 
oR СЕ” a ва) _ 


KQ. 
12. Assume hfe = 100. 
Sino с году; 
AFERE + i =  — Жк 
Rin’ = RillRollhee(Re, + re’) = k. 


Rin = Re |(RE + re) = АЖЕ Q. 
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Calculate the minimum capacitor values: 








3.18 
= = F. 
Вы E 
3.18 
c. Ru e. E 
2 FR. М 
3.18 
Coe ie Е. 
TOU ER 5 


Discussion 


Steps 1 through 12 outline the design process. Your calculations should be similar 
to the following: 


il: Ico = 3mA. 


8. Re, = 10r,' = 10(12.30) = 1230. 
4. п = Av(Re, + г.) = 10(1230 + 12.30) = 1.35К0. 


Rin 2.2К0(1.35К0) 
5. =-————————= B Q. 
Нс Hm Zaa 35k0. үз Те 


6. Усво- сап = ЗтА(1.35КО) = 4.05V. 
7. Vea = Усс- ПісаВс + Vesa + Veel. 
Vea = 20V - [SmA(3.49kQ) + 4.05V + 0.7V]. 


Уса = 20V — 15.22V. 








Veo = 4.78V. 
Vea 4.78V 
а Re~ = = 1.59k. 
Esc SMA 


9. Re, = Re — Re, = 1.59КО — 1230 = 1.47k0. 
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10. Ro = 1.5КО. 


11. With Veg = 4.78V, Vao = 4.78V + 0.7V = 5.48V. Thus: 


_ 1.5kO[20V — 5.48V 
2 Meam Wal атанын Oey д 3.97КО. 
Vas 5.48V 


R,=R 
12. RyllRe = 3.97kO||1.5k0 = 1.09К0. 
13. һ«(Ве, + fe’) = 100(1230 + 12.30) = 13.53k0. 
14. Ам = RyllRollhee(Re, + ге’) = 1.09k0|13.53k0 = 1.01К0. 
15. Ам = Ве (Ве, + te’) = 1.47К0|(1230 + 12.30) = 123.90. 
Finally: 


сз IET Ue 
FaR 500(123.90) 





T UNE „лә 
FR. 500(2.2kQ) 





Audi, anten „г, 
Ғы. 500(1.01К0) 





Figure E6-1 illustrates the circuit with standard value components. 


20V 





100К0 POTENIOMETER ON 
ET-1000 TRAINER 


Figure E6-1 


x 10 common-base voltage amplifier. 
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Procedure (Continued) 


13. With the power off, construct the circuit shown in Figure E6-1. Make 
sure you observe the proper polarity when you place the capacitors 
in the circuit. 


14. Turn the power on, and adjust the supply voltage to + 20V. 


15. Adjust the 100k potentiometer to obtain an input voltage, ум of 0.1V 
peak. The frequency of the input signal should be 1kHz. 


16. Measure the peak output voltage with the oscilloscope. If you have 
a dual-trace oscilloscope measure the input and output voltages simul- 
taneously. You should observe input and output voltages that are in 
phase with each other. 


vo=_ _ Уреак. 
17. Calculate the measured value of the voltage gain: 


vo(step16) 
Ay = —— = 
0.1V 


18. Adjust the 100kQ potentiometer for maximum input voltage. With vin 
maximum, examine the output voltage. Is either peak of the output 
voltage clipped? 


Discussion 


As was the case for the common-emitter amplifier in Experiment 4, the voltage 
gain calculated in step 17 should be reasonably close to the design value of 
10. 


Since Усво was calculated to be 4.05V in step 6, and the circuit has been de- 
signed for a centered Q point, clipping should occur at approximately + 4.05V. 
Also, since the voltage gain is approximately 10, the value of ум required to 
produce clipping is: 


vo 4.05V 
= — = — = 0.405V peak. 
VIN Av 10 P 
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When ум was adjusted to it’s maximum value in step 18, no clipping occurred 
because ум < 0.405V peak. This was the case because the small input resis- 
tance of the common-base amplifier loaded the signal source. 


This concept is illustrated in Figure E6-2. Note that the unloaded, open-circuit 
voltage from the ET-1000 Trainer is approximately 1.41V peak. When the com- 
mon-base amplifier is connected to the signal source, the voltage supplied to 
the amplifier input terminals, vin, is: 


1.41V(Rin) 
pq = =; 
Rs + Rin 
@ А 
v 1.41V 
ІМг- 1.41V 
PEAK PEAK 


SIGNAL SOURCE 
Ч 


е 
ОМ 2241 | 
VQ) VIN Rin=Re, ВЕ +ré) 


PEAK | 
D 


LOADED SIGNAL SOURCE 
Figure E6-2 


Loading effects. 
If vin and Rs are known, Rın can be determined experimentally. 


Clearly, if Rin is not large compared to Rs, a significant portion of the 1.41V 
peak signal will be dropped across Rs. This is precisely what happened in step 
18. 
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Procedure (Continued) 


19. Disconnect the 100kQ potentiometer. Measure the open-circuit AC out- 
put voltage from the ET-1000 Trainer as shown in Figure E6-3A. 


voc - ------Мрвак = vs. 


20. Connect а 6800 resistor across the ЕТ-1000 Trainer signal source 
as shown in Figure E6-3B. Measure the voltage across the 680€) resis- 
tor. 


u= —______V peak. 


® 


жел =] 
| 

| 

al 


= 


= 
сла Pen dE 


OPEN-CIRCUIT OUTPUT VOLTAGE 


@ 
- 
| 
| 
All 
EI 





r-—-— 


LOADED OUTPUT VOLTAGE 


Figure E6-3 


Circuits for experimentally determining the value of Rs. 


21. Calculate the output resistance of the ET-1000 Trainer using the follow- 
ing formula: 


6800(05 — v) _ Q 


S 
vL 
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Discussion 


Since the ET-1000 Trainer is designed to provide an AC output voltage of approxi- 
mately 1V rms, the open-circuit voltage measured in step 19 should have been 
approximately 1.4V peak. 


In Figure E6-3 the voltage across the load resistor, R4 is: 


vsR 
y= ————. 
Rg +R 


Solving for Rg yields: 


Rvs — м) 


VL 


Rs = 


which is the formula given in step 21. 


The value of R calculated in step 21 should equal approximately 6000. Most 
signal sources are designed to provide an output resistance of either 500 or 
6002. The output resistance of the ET-1000 Trainer, therefore, represents a typi- 
cal value. 


Procedure (Continued) 


22. Connect the AC output voltage from the ET-1000 Trainer directly to 
the amplifier input terminals. Record the peak value of v. 


VIN = ———— — Vpeak. 
23. Calculate the amplifier's input resistance from the following formula: 


_ _vin(Rs) 


Vs — VIN 


эк = 


Recall that: 
vin was measured in step 22. 
vs Was measured in step 19. 


Rs was calculated in step 21. 
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Discussion 


The input resistance of a common-base amplifier equals Не (Re, + re’). In step 
12, Rin was calculated to be approximately 123.90. The value of Rix obtained 
in step 23 should be close to this value. 


The equation provided in step 23 to calculate Rin is obtained by applying the 
voltage division principle to the circuit shown in Figure E6-2B. The input voltage, 


Vin iS: 
Ж vs(RiN) 
E Rs + Rin ў 
Solving this equation for Ry yields: 
Rin vin(Rs) 
Vs — VIN 


which is the formula given in step 23. 


Procedure (Continued) 


24. Reconnect the 100k. potentiometer, and adjust it to obtain an input 
voltage of 0.2V peak-to-peak. Remove the 2.2КО load resistor, R. 
and measure the peak-to-peak output voltage. 


vo = __________V peak-to-peak = vw. 


25. Reconnect the 2.2k load resistor, and measure the peak-to-peak 
output voltage, vo. 


vo = ——— —— ———— — V peak-to-peak = v. 
26. As you did in Experiment 4, calculate the amplifier's output resistance 


from: 


Ro = (vm = ») Асасы 23 qun 


VL 


Experiments | 9-67 


Discussion 


The output resistance of a common-base amplifier approximately equals Rc. The 
value of Ro obtained in step 26 should be approximately equal to 3.3k. 


The significant differences, between the common-base amplifier in this experi- 
ment, and the common-emitter amplifier of Experiment 4 are: 


a. The input resistance of the common-base amplifier is much smaller 
than the common-emitter amplifier. 


b. Тһе common-base amplifier does not introduce a 180? phase shift 
in the signal voltage. 


ан 


EXPERIMENT 7 


THE EMITTER FOLLOWER 


Objective: To design and experimentally verify the operation 
of an emitter-follower amplifier. 


Introduction 


Emitter followers typically have a large input resistance, a small output resistance, 
and a voltage gain slightly less than 1. These characteristics make the emitter 
follower especially useful for impedance matching applications. 


In this experiment, we wish to drive a 4700 load from the AC signal source 
on the ET-1000 Trainer. Since the output resistance, Rs of the ET-1000 Trainer 
is approximately 6000 a 4700 load connected directly to the Trainer would load 
the signal source. 


You are to design an emitter follower so that the 4700 load does not significantly 
load the signal source. 


The specifications for the proposed circuit are as follows: 


Supply voltage = 12V. 

Voltage gain = 1. 

Lowest signal frequency = 100Hz. 
Biasing scheme = voltage divider. 
Load resistance — 4700. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

1 — NPN type 2N3904 transistor (417-875) 

1 — 4700, 1/4-watt, 5% resistor 

1 — 22k0, 1/4-watt, 5% resistor 

1 — 220k0, 1/4-watt, 5% resistor 

1 — 2.2МО, 1/4-watt, 5% resistor 

2 — 2.2К0, 1/4-watt, 5% resistor 

1— 47yF, 50V electrolytic capacitor 

1 — 100pF, 50V electrolytic capacitor 
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Procedure 


Refer to the voltage divider circuit in the emitter-follower Design Guide provided 
in Unit 4. Refer to the steps in the Design Guide, and proceed as follows. 





1. Re =5R, = —— ҚО. 

АЕА, 

=т= = E mnno 
S NUT R 
Vcc 
= = — MÀ. 

3. Ica Re + п. 
4. Veg = ІсоВе = ————— —— — — V. 
5. Мова = Усс- o7... V. 


б ИЕ ORE  — — — A 


Ra(Vcc - V 
7. Ri = Ше Yed | қо 


8 Жын c ake 
Һ( + г) = —— KO. Assume hfe = 100 
Ам = RallRallhe(te + re") = — — — — — —kQ0. 
Calculate the minimum capacitor values: 


3.18 
Ғ.Вің 





шу _ к=. "> шшш 


3.18 
= —— Таз _ pF. 
Ce Р.А, ч 


9-70 | UNIT NINE 


Discussion 


Your calculations for steps 1 through 8 should be similar to: 


1. Re = BR. = 5(4700) = 2.35КО. 


T. WR UM 235k0(4700) _ „о 
ВЕ + В. 2.350 + 4700 
12V 
3. leg = ВЕ бабы Be rd Sp dd 


Retr 2435К0 + 3920 

4. Veg = IcaRe = 4.38mA(2.35kO) = 10.3V. 
5. Усға = Voc — Vea = 12V - 10.3V = 17У. 
6. Ro = 10Re = 10(2.35kQ) = 23.5k. 


(Vcc — Vao) 
Veo : 


m 


В, = Ro 


Since Veg = 10.3V, Veg = 10.3V + 0.7V or 11V. Thus: 


23.5kO(12V — 11V) 
Я; = iy o = 2.14k. 


8. А.А = 2.14к0|23.5КО = 1.96k0. 


— 37mV _ 37т\/ Бала 
š le 438mA . ^ - 


Пет. + fe’) = 100(3920 + 8.450) = 40КО. 
Rin = RallRallhre(ru + re’). 


Rin = 1.96КО/40КО = 1.87КО. 


Thus: 
(LE ыле. 
100(1.87kQ) 
3.18 
C2 E een Кш 67.7pF. 


100(4700) 
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Figure E7-1 illustrates the circuit with standard value components. 


2. 2kQ 4702 





Procedure (Continued) 


9. Turn on the Trainer, and measure the peak output voltage from the 
signal source, vs = _____________V peak. The frequency of the 
signal source should be set to 1kHz. 


10. Connect a 4702 resistor across the signal source, and measure the 
peak output voltage. 


vo = —________V peak. 


9-72 | UNIT NINE 


Discussion 


The voltage measured in step 10 was less than the voltage measured in step 
9 since the 4700 resistor loaded the signal source. For example, assuming 
vs = 1.41V and Rs = 6000 the voltage across the 4700 resistor would be: 


R 1.41V(4700 
S LANDS PR ee 


In the remainder of the experiment you should assume Rs = 6000 and 
Vg equals the value measured in step 9. When the emitter follower is connected 
to the signal source you will calculate it’s input resistance from: 


vin(600Q) 


VS — VIN 


Rin = 


Procedure (Continued) 


11. Remove the 4700 resistor. With the power off, construct the circuit 
shown in Figure E7-1. Make sure the capacitors are placed in the 
circuit with the proper polarity. 


12. Turn the power on. Measure the peak input, vin, and output, vo, volt- 
ages. 


Vin = a ШЕ Ба И реак. vo = ФЕРЕ АР іе ЖАУ реак. 


13. Calculate the measured voltage gain, Ay, and input resistance, Rin, 





as follows: 
Ae 
VIN 
6000 
Вы = MERERI ко. 
Vs — VIN 


14. Estimate the output resistance of the emitter follower from: 


Rall 
Ro = Ire’ + —— “же л 
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Discussion 


In step 8, the input resistance of the emitter follower was calculated to be approxi- 
mately 1.87КО. The emitter follower increases the effective resistance seen by 
the signal source from 4700 to 1.87КО. The measured value of Rn obtained 
in step 13 should be approximately 1.87КО. 


Assuming vs = 1.41V, Rg = 6000, and Rin = 1.87КО. The value of ум measured 
in step 12 would be: 


Naturally, the value of ум you measured in step 12 will depend upon the actual 
value of vg measured in step 9. Also, Rin depends upon the actual value of 
hre of your transistor. 


The value of ум measured in step 12 is larger than it would be if the 4700 
load were connected directly across the signal source, as it was in step 10. 


Using the values computed in steps 1 through 8, you can estimate the output 
resistance of the emitter follower as follows: 


RallR. 
Rs = [re’ + ——— Re. 
һе 
1.96к0|6000. 
Rs = [8.450 + Fog  ІЕ-35к0. 


Rs = [8.450 + 4.60]|2.35kQ = 130. 


Compared to a common-emitter or common-base amplifier, this is a very small 
output resistance. 


Since RL = 4700 and Ro = 130, the load resistor will not significantly load 
the amplifier. The voltage gain obtained in step 13 should be very close to 1. 


Although the circuit increases the effective load resistance from 4700 to approxi- 
mately 1.87kQ, the amplifier's input resistance was not large enough to prevent 
loading the signal source. 


Since Rin = RullRellhie(ru + re’) the values chosen for R, and Ro must be in- 
creased to obtain a larger value of Rin. 
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Procedure (Continued) 


15. Shut the power off. Change the values of R4 and Re as follows: 
R, = 22КО and R; = 220k0. 


16. Turn the power on. Wait approximately three minutes for the capacitor 
voltages to stabilize. Measure the peak input, ум, and output, vo, volt- 
ages. 


Vin eee Vpeak. vo=_ eV peak: 
17. Calculate the input resistance from: 


6000 
Fu = _vin(6000) | Е п E TERM 
Vs — VIN 


18. Measure the DC voltage across Ro. If you have a x10 probe use 
it to make this measurement. 


Msc! x ваба Um 


19. Turn the power off. Change В; to 220kO and Rs to 2.2М0. Turn the 
power on, and wait approximately three minutes for the capacitor volt- 
ages to stabilize. 


20. Repeat steps 16 through 18. 


VIN = ————— Мреак. 
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Discussion 


The emitter follower's input resistance is: 
Ам = RillRallhe(tL + re’). 


In step 8, Һ( + гь’) was found to be 40k. Thus, when R, = 22kQ and 
R2 = 0.22M0, 


Rin = 22k0||(0.22MQ|40k0. 


Rin = 20КОЈ40КО = 13.3КО. 


This is a large enough value of R: to prevent excessive loading of a 600€) source. 
The value of ум measured in step 16 should be close to the value of vs measure 
in step 9. Naturally, the value of R that you measured in step 17 will depend 
upon the actual value of hte for your transistor. 


Уво was calculated to be 11V in step 7. The value of Vg measured іп step 18 
should be close to 11V. Also, the measured voltage gain should be approximate- 


ly 1. 
When В; = 0.22М0 and Ro = 2.2М0: 


Rin = 0.22M0|2.2MQ|40k0. 


Pin = .2М0|40КО = 33.3КО. 


R4, and R2 are large enough that the value of Rin is approaching the value of 
Һе(п + ге). Obviously, we would not expect much loading of the 6000 signal 
source. 


The value of ум measured in step 20 should be very close to the value of vs 
measured in step 9. For this reason, you may have found it difficult to accurately 
determine the difference between ум and ус. Thus, the value of Rin obtained 
in step 20 may differ significantly from the calculated value of 33.3k0. 


When you measured Va in step 20, you probably found Vg was significantly less 
than 11V. In this case, R2 was so large that the effective DC resistance between 
the base of the transistor and ground loaded the voltage divider. This caused 
lca to change, which shifted the Q point away from the center of the AC load 
line. The values selected for R, and R2 represented a compromise between a 
large input resistance and a centered Q point. 


In most cases, R> can be selected to be larger than 10Rg. The choice of 
R2 = 10Rg minimizes potential loading of the voltage divider. In those cases 
where very large values of Rin are required, a Darlington-pair emitter follower 
should be considered for the design. 
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EXPERIMENT 8 


CLASS A POWER AMPLIFIERS 


Objectives: To design and experimentally verify the operation 
of an RC coupled class A power amplifier. 


Introduction 


In a class A power amplifier, Pog is equal to twice the maximum possible AC 
output power. Since only a portion of the AC output power is delivered to the 
actual load device, R,, the conversion efficiency of a class A amplifier is quite 
low. 


In this experiment, you will design a class A RC-coupled power amplifier according 
to the following specifications: 


Voc = 12V. 
Ры. = 150mw. 


F+ = 2kHz. 


The load device is a speaker, with an impedance of, approximately, 450. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

1 — NPN type MJE 181 power transistor (417-818) 
1 — 741 Op-Amp (8 pin) (442-22) 

1 — Speaker (401-163) 

1— 1000, 1/2-watt, 5% resistor 

1— 1800, 1/2-watt, 5% resistor 

1 — 10, 2-watt, 5% resistor 

1 — 100, 2-watt, 5% resistor 

1 — 150, 2-watt, 5% resistor (Parallel 5-750, 1/2-watt resistors) 
2 — 1004 F, 50V, electrolytic capacitors 

1 — 4704F, 50V, electrolytic capacitor 

1 — 100КО potentiometer located on the Trainer. 


Construct а 150 resistor by paralleling 5-752. 1/2-watt resistors together. 
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Procedure 


Refer to the RC-coupled class A power amplifier Design Guide provided in Unit 
5. Referring to the steps in the Design Guide proceed as follows: 








Ve Vceo = V 2PR RL pee LY 
2. Poo=83Pa=— WŢW 
Ppa 
3. [се = = A RUNE, 
79 “ұсға 
4. fui Vocea LI О). 
Ica 
Rir. 
5. Вс----- 0. 
S Ri — te 
6. Мс = Voc = [lcoRc SR Vceal 8... чь Ci EA 
7. Re = Veo = лаға COPIE Л | |+ 
Ica 


8. Select Rə = 1000. 


Vcc — М 
9. В, = В, JMoo = Мөл Gf = ——— = 
Vea 


10. Specify the minimum required BJT ratings: 


Рымлх) = W 
Vceemag = _ _ \. 
lema = — A 


Calculate the average power dissipated by resistors: 


Ра, = Ww. 
Pa, == үү 
Pr. = ашаа SS уу. 
Pa, = Ww 
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Calculate the minimum capacitor values. Refer to the MJE181's data sheet in 
Appendix B to estimate hte and re’: 


3.18 





eed i p F. 
š F,Rin ç 
3.18 
C2 = = F 
2 Е.А, H 
3.18 
б F. 
F,Re d 


Discussion 

The calculations for steps 1 through 11 should be similar to the following: 
1. Vczo = У?РАВ, = V 2(0.15W)(459) = 3.67V. 
2. Pog = 8.ЗРд = 8.3(0.15W) = 1.25W. 


The choice of the multiplying factor, 8.3, is somewhat arbitrary. Generally a multi- 
plying factor between 8 and 12 will produce satisfactory results. 


Boe ИТА 
9. Ica Vcea 3.67V 
Vccea — 3.67V 
4 SEO Lec = 10760 
LESER ке: атр 
R 450(10.760 
5. Ве = ae .450(10.760). = 14.140. 


Re — п 450 — 10.760 
6. Vea = Vcc - [IcaRc + Vceo]. 
Vea = 12V — [0.341A(14.140) + 3.67\/]. 


Мс = 12V — 8.49V = 3.51У. 








8. R; = 1000. 


Experiments | 9-79 


– V 
9 B- В Мос — Veal ' 
Ува 
Since Veg = 3.51%, Vao = 3.51V + 0.7V = 4.21V. Thus: 


[12V — 4.21V] 
4.21V 


В, = 1000 = 1852. 


10. Ppmax) should at least equal the value calculated in step 2: 
Ромаху = 1.25W. 
Усе(мах) should at least equal 2%сєа: 
Ус-мах) = 2(3.67V) = 7.34V. 
Іс(мах) Should at least equal 21со: 
Ісмах) = 2(0.341A) = 0.682A. 


Мв = 4.21V. Thus, the voltage across В; is 12V — 4.21V or 7.79V: 


(7.79у)2 
2 a э OA 
Pr, 1850 
Since Vn, = Vg: 
2 
2021 0177W. 
Ho 1000 


Since Ico = 0.341A = Іва: 
Рн, = (0.341А)2(14.140) = 1.64W. 
Pr. = (0.341А)2(10.30) = 1.2W. 


Consulting а manufacturer’s catalog; we select an MJE181 transistor for the de- 
sign. Appropriate specifications for this transistor are: 


Poway = 1.5W at Ta = 25°C. 
Vcemaxn = Мсео = 60V. 


Ісімах) = ЗА Continuous. 
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In addition, 1/2W resistors are specified for R, and Rz. Similarly, 2W resistors 
are specified for Rc and Re. 


11. To calculate С, you need to first estimate Rin. Recall that: 
Rin = В.А (г). 
А.А = 18501000 = 64.90. 
Since Ico = 0.341А: 
0.11со = 0.1(0.341А) = 0.0341А. 
1.8ісо = 1.8(0.341А) = 0.6138А. 


1.91сс = 1.9(0.341А) = 0.6479A. 


Referring to the MJE181’s transconductance curve provided in Appendix В, ме 


find: 
Vee = 0.88V at Ic = 0.6479А. 
Vae = 0.7V at lc = 0.0341А. 
Thus: 
fe’ = IC - 0.2930. 


Note that the values of Vgg on the data sheet corresponds to Vcg = 1V. Even 
though Vcg is not 1V in this experiment, we will use the data sheet values as 
reasonable approximations for the actual Vcg values. 


Referring to the MJE181's hfe versus lc curve, we estimate the value of һе at 
lc = 1.9lcq = 0.6479A to be approximately 75. Thus: 


Rin = 64.90/75(0.2930) = 64.90|220 = 16.40. 


This is a small input resistance, and would therefore load most signal sources. 


Finally the minimum capacitor values are: 


3.18 3.18 





С. = = C= О7ҺЕ. 
ТЕҢ  2kHz(16.40) E 
3.18 3.18 
Qo ЕИ ЕЕРЕЕ абар 
Е.А, 2kHz(450) 
3.18 3.18 
= —— 21544uF 


бз = F,Re  2kHz(10.30) 
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Based on the calculated capacitor values, we select C4 = Co = 100uF, and 
Сз = 470ҺЕ. 


If the BJT's transconductance curve and he versus Ic curve are not available, 
you can obtain a rough estimate for Rin by assuming that he = 25, and ге” 
= 10. For example: 


АЙ АР = 64.90. 


Rin = 64.90|250 = 180. 


This is reasonably close to the 16.40 value calculated previously. 


Procedure (Continued) 


12. Due to the low input resistance of the amplifier, excessive loading 
results if the signal source on the ET-1000 generator is connected 
directly to the amplifier input terminals. Consequently, a buffer is re- 
quired between the signal source and amplifier. Specifically, a type 
741 integrated circuit, IC, will be used for this purpose. 


The pinouts for the IC and transistor that you will use in this experiment 
are provided in Figure E8-1A and Figure E8-1B respectively. Make 
sure you familiarize yourself with these figures before you build the 
experimental circuit. 


NOTCH OR SOME OTHER 
a жаа MARK 


METAL TAB 


BASE 
EMITTER 





COLLECTOR 


PIN OUT FOR THE 741 INTEGRATED CIRCUIT PIN OUT FOR THE MJE181 POWER TRANSISTOR 


Figure E8-1 
Pin connections for the 741 integrated circuit and MJE181 transistor. 


A. Pinoutfor the 741 integrated cirdcuit. 
B. Pin out for the MJE181 power transistor. 
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13. With the power off, construct the portion of the circuit enclosed by 
dashed lines in Figure E8-2. Make sure pin 7 is connected to +12V 
and pin 4 to —12V. If these connections are reversed, the IC can 
be destroyed when power is applied. 


14. Connect the 100kQ potentiometer on the ET-1000 Trainer to the output 
of the buffered source, as shown in Figure E8-2. 


BUFFERED SOURCE AMPLIFIER 


О ——— I r _——— ———————-—-————— 


450 SPEAKER 





POTENTIOMETER ON ET-1000 TRAINER 


x 


SIGNAL SOURCE ON ET-1000 TRAINER-WITH THE ADDITION OF 
THE 1С BUFFER. 


Figure E8-2 


Class A power amplifier designed in steps 1 through 11. 


15. Turn the power on. Adjust the frequency of the signal source to 2kHz. 
Next, measure the voltage between the potentiometer wiper and 
ground. As you rotate the wiper from one extreme to the other, this 
voltage should vary between approximately OV and 1.4V peak. Adjust 
the wiper so that the voltage is minimum. Turn the power off. 
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16. With the power off, construct the amplifier portion of the circuit shown 
in Figure E8-2. Once the circuit is constructed, make the following 
checks: 


a. The emitter, base, and collector connections should agree with 
the pinout provided in Figure E8-1B. 


b. The polarity of the electrolytic capacitors should agree with the 
polarities shown in Figure E8-2. 


c.  Theresistors used for Rc, 150, and Re, 100, are 2W resistors. 


17. Turn the power on. Adjust the potentiometer wiper until the output 
voltage, vo, begins to clip. You should hear a very noticeable 2kHz 
tone from the speaker. 


18. Change the frequency of the signal generator from 2kHz to 20kHz. 
Since 20kHz is at the upper end of the audio spectrum, you probably 
will not hear the sound from the speaker. Adjust the potentiometer 
wiper to obtain the maximum unclipped output voltage. Record the 
following values: 


Positive peak = . V. 
Negative peak = —— V. 


Peak-to-peak value — 





Discussion 


Ideally, the output voltage begins to clip at + Vcgo or +3.67V. Due to the inherent 
nonlinear characteristics of the transistor, large signal swings produce a distorted 
output waveform. For this reason, the values of the positive and negative peaks 
measured in step 18 were probably not equal. The peak-to-peak value of the 
waveform measured in step 18 should have been reasonably close to 2 (3.67V) 
or 7.34V. Due to component and parameter tolerances, the measured peak-to- 
peak value may vary as much as 15 percent. 


9-84 | UNIT NINE 


Procedure (Continued) 


19. With F = 20kHz, and the potentiometer wiper adjusted to obtain the 
maximum unclipped output voltage, you will take the data necessary 
for a three-point analysis as follows: 


(a) Set the volts/division and time/division on your oscilloscope to 
2V/division, and 10us/division respectively. 


(b) Measure the voltage from the collector of the transistor to ground. 
You should obtain a waveform similar to the one illustrated in Fig- 


ure E8-3. 


Vc (t) 


VMAX 


VMIN 


Figure E8-3 


Collector voltage for step 19. 


(c) Disconnect the lead going to the potentiometer wiper. The oscillo- 
scope trace should now be a horizontal line that indicates the value 


of Vco. Record this value: 
Мес Мох — aes дес acm V. 
This measurement corresponds to point 1 in Figure E8-3. 


(d) Reconnect the lead going to the potentiometer wiper. Record the 
values of Vimax), point 2, and Ммм), point 3. 


Vimax = М. 


Ммм) = V. 
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20. Calculate the peak value of the fundamental and second harmonic 
components as follows: 


V =N 
ү == мм any 
V +V — 2У 
Vo = у Te oe 


21. Estimate the amount of second harmonic distortion as follows: 


V2 


1 


D: = X100 nn 








Discussion 


The waveform measured in step 19 contains a significant amount of second har- 
monic distortion. Typically, the value calculated in step 21 is between 7% and 
11%. Obviously, the experimental amplifier is not suited for high-fidelity applica- 
tions. 


To reduce the harmonic distortion in the output waveform, the signal swing could 
be limited to less than +Vceq. This approach significantly reduces the already 
low efficiency of the amplifier. A better approach is to bypass only a portion 
of the emitter resistor, as shown by the partial schematic in Figure E8-4. The 
addition of Re, tends to mask out the nonlinear variations in ге! for large-signal 
swings. Naturally, the addition of Re, also reduces the voltage gain of the amplifier. 
However, since the amount of power delivered to R, is our primary concern, 
this is not a significant disadvantage. 


12V 





Figure E8-4 


Adding Re, reduces the harmonic distortion of the output voltage. 
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Procedure (Continued) 


22. Turn the power off. Connect a 1, 2W resistor in series with the emitter 
as shown in Figure E8-4. 


23. Turn the power on. Adjust the potentiometer wiper to obtain the 
maximum unclipped output voltage. The output voltage should appear 
less distorted than before. 


24. Measure the voltage from the collector of the transistor to ground. 
Take the data necessary for a three-point analysis. If necessary, refer 
to steps 19(a) through 19(d). Record your measured values: 


М = — V 
Vmax = айыз ee eee f 
Мм) = К ә даз ú £ безу 


25. Estimate the amount of second harmonic distortion as follows: 


V4 = Vmax - Ммм) = — — V. 

V2 = М(мАх) = V(MIN) ОУ mac ume com < — V. 
V2 

p. га АСС =. сс. =. 
У; 





Discussion 


Since Re, was added to the circuit, the harmonic distortion calculated in step 
25 should be less than the value calculated in step 21. 


Without Re, the voltage gain equals —r,/re’. When Rz, is added to the circuit, 
the voltage gain equals – п/Ае, + ге’. Increasing the value of Re, reduces both 
the amount of distortion, and the voltage gain of the amplifier. As a guide, Re, 
is chosen so that: 


Re, = 3to 10 times the value of re’. 


Clearly, the value of Re, represents a voltage gain/distortion compromise. 
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The conversion efficiency of the amplifier constructed іп this experiment is approx- 
imately: 


Vcea rL 
‘= —— — x — x 100. 
T EV FE 


SUIV э талай s leue есе, 
2(12V) 450 








n= 


As you can see, only a small portion of the DC input power is converted into 
useful AC output power. This is typical of a class A amplifier. 
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EXPERIMENT 9 


CLASS AB POWER AMPLIFIERS 


Objectives: To design and experimentally verify the operation 
of a class AB power amplifier. 


Introduction 


The transistors in a class AB push-pull circuit have a maximum collector dissipa- 
tion of approximately one-fifth the maximum possible AB output power. For a 
given AC output power, less expensive transistors are required for a class AB 
design, than for a comparable class A design. In addition, the conversion effi- 
ciency of a class AB amplifier is considerably higher than the class A amplifier. 


In this experiment, you will design a class AB push-pull, complementary - sym- 
metry, amplifier to supply 0.15W to the speaker used in Experiment 8. Since 
the load device and AC load power are the same in each experiment, we can 
directly compare the results. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Multimeter 

Oscilloscope 

1 — NPN type 3904 transistor (471-875) 
1 — PNP type 3906 transistor (417-874) 
1 — 741 Op Amp (8 pin) (442-22) 

2 — 1N4001 diodes (57-65) 

1 — Speaker (401-163) 

1 — 470, 1/4-watt, 5% resistor 

2 — 6800, 1/4-watt, 596 resistor 

2 — 47 uF, 50V electrolytic capacitors 

1 —470pF, 50V capacitor 
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Procedure 


Refer to the single-supply, class AB, push-pull power amplifier Design Guide 
provided in Unit 5. Refer to the steps in the Design Guide, and proceed as follows: 





1. Vceq = АРЕ == ev. 
2. Voc = 2Усға or. рсе U ГУ. 
А Vcea 
3. LC(SAT) = В = mA: 
L 
A nub. 5S elcisAm = ma. 
Voc — 1.4V 

Я ----------- - 0. 

S n 21 


6. Use 1N4001 diodes and а 2N3904/2N3906 complementary transistor 
pair. 


7. Assume F, = 300Hz and hye = 50. Calculate the minimum capacitor 











values: 
R 
Rw = -іІ"Ві-------б 
2 
3.18 
С, = = Е. 
2 РЕ is 
3.18 
C. = = —pF 
2 F RT p 
Discussion 


Your calculations for steps 1 through 7 should be similar to the following: 
1. Vocea = V 2P4cR, = V 2(0.15W)(450) = 3.67V. 


2. Voc = 2Vceq = 2(3.67V) = 7.34V. 


9-89 


9-90 | UNIT NINE 


4. | = 5% iqsan = 5%(81.5тА) = 4.075тА. 


21 = ~ 9(4.075mA) 


6. The required transistor ratings are: 








> 30mW. 


P 1 
Ромау> — > ы =" 


a 
VcE(MAX) > Vceo = 3.67V. 
Ісімах) > iasan >81.5тА. 


Consulting a manufacturer's catalog, we select a 2N3904/2N3906 complementary 


transistor pair for the design. Appropriate specifications for these transistors fol- 
low: 


Poway = 350mW at TA = 25°С. 
VcE(MAX) = Vceo = 40V. 


|c(MAX) = 200mA. 


It is difficult to obtain a “good match” between diode IV curves and BJT transcon- 
ductance curves, using discrete components. However, silicon type 1N4001 
diodes are often adequate for this purpose. Therefore, two 1N4001 diodes were 
selected for this design. 


7. Since F, = 300Hz and his is assumed to be 50, a reasonable estimate 


IS: 
R 
Rin = 2 «Ra. 
728.80 
Rin = 2 |50(450). 





Rin = 364.10|22500 = 313.40. 


3.18 3.18 
m = ee = d BF 
ж ШЕН; 300Hz(313.40) а 
1 18 
е-е E Os 


Е.А, 300Hz(450) 
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As discussed in Unit 5, it is sometimes desirable to drive the amplifier with two 
input coupling capacitors. Consequently, this design will use three capacitors, 
two for input coupling and one for output coupling. Figure E9-1 illustrates the 
design using standard value components. 


In Figure E9-1, note that an IC buffer is used between the signal source on 
the ET-1000 Trainer and the power amplifier. 


7. 34ү 







2N3904 


= 470uF 
, +i- 


ee 
Vo 450 SPEAKER 


eer SOURCE ON ET-1000 TRAINER-WITH THE ADDITION OF 
THE IC BUFFER. 


1kQ POTENTIOMETER ON ЕТ- 1000 TRAINER. 


Figure E9-1 


Class AB power amplifier designed in steps 1 through 7. 


Procedure (Continued) 


8. Adjust the 0-20V voltage on the ET-1000 Trainer to 7.34V. Once this 
voltage is set, turn the Trainer off. 


9. With the power off, construct the circuit shown in Figure E9-1. Pay 
particular attention to the IC power supply connections and the 
capacitor polarities. Also, make sure each transistor is properly placed 
in the circuit. 


LIC — 00-- 


10. Turn the power on. Adjust the frequency of the signal source to 1kHz. 
Next, adjust the potentiometer wiper to obtain the maximum possible 
unclipped output voltage. You should hear a 1kHz tone from the 
speaker. Record the following values: 


Positive peak = —— V. 
Negative peak = _ V. 
Peak-to-peak value = __ү, 


11. Short the two 1N4001 diodes with a jumper. What effect does this 
have on the operation of the amplifier? Why? 


Discussion 


Since Усео equals 3.67V, the peak values measured in step 10 ideally equal 
+3.67V. Naturally, the actual peak values were slightly less than the ideal values. 
Since push-pull operation tends to cancel even harmonics, the waveform mea- 
sured in step 10 was a reasonably “clean” sine wave. 


When the diodes were shorted in step 11, the base-emitter voltage on each 
transistor was effectively reduced to zero. For this reason, each transistor oper- 
ated in the class B mode, and the output voltage exhibited crossover distortion. 
This distortion was also apparent from the change in the pitch of the sound from 
the speaker. 


Procedure (Continued) 


12. Remove the short across the diodes. Make sure that the output voltage 
is adjusted for the maximum unclipped signal. Record the peak load 
voltage. 


Vomax = U^ 


13. Use the multimeter, connected as a DC ammeter on the 0 - 100mA 
range, to measure the average, DC, current supplied by Vcc. Connect 
the multimeter in series with Vcc for this measurement. Record the 
measured DC current drain from the power supply. 


loc = — s —  — — mA. 
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14. Calculate the measured AC load power. 


(Vomax) = step 12)? 


Р = 
АС OR. 


SIV 4441 руу 


15. Calculate the measured DC input power. 
Poc = Vcc(loc — step 13) = —— д mW. 
16. Calculate the amplifier's conversion efficiency. 


Pac — step 14 
Wm 2 Ee — %. 
Poc — step 15 


Discussion 


The maximum unclipped voltage measured in step 12 should be slightly less 
than 3.67V peak. Let's assume Vomax = 3.3V peak. 


The average DC current drawn from the power supply in a class AB amplifier 
increases when an AC signal is applied to the input of the amplifier. Let's assume 
the value measured in step 13 was approximately 27mA. Using Vomax) = 3.3V 
peak and Ipc = 27mA, we have: 


ë 10.89V 
Haec Ші, DEN L dtm. 
2R. 900 





Poc = 7.34V(27mA) = 198.18mW. 
Thus, the conversion efficiency is: 


121mW 
т’ = ——— x 100 = 61%. 
198.18mW 


Depending upon your measured values, the conversion efficiency calculated in 
step 16 may be slightly higher or lower than 61%. In any event, the value you 
obtained should be considerably higher than the 3.6696 approximate value calcu- 
lated for the comparable class A amplifier in Experiment 8. 
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Procedure (Continued) 


In this final portion of the experiment, you will modify the amplifier to illustrate 
dual-supply operation. 


17. Reduce the output from the 0 to + 20V power supply to + 3.67V. Simi- 
larly, adjust the output voltage from the 0 to — 20V supply to —3.67V. 
Once this is done, turn the power off. 


18. Modify the circuit as shown in Figure E9-2. Since this is a dual-supply 
circuit, the 470ҺҒ output coupling capacitor is no longer required. 


*3. 67V 






2N3904 


450 SPEAKER 


Figure E9-2 


Modifying the amplifier for dual-supply operation. 


19. Turn the power on. Adjust the potentiometer wiper to obtain the 
maximum unclipped output voltage. Record the following values: 


Positive peak = V. 





Negative peak = V. 





Peak-to-peak values = — V. 
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Discussion 


The values measured in step 19 should be similar to those obtained for the 
single-supply circuit in step 10. Since very small supply voltages are required 
for the dual-supply circuit, it is a popular choice for battery operated equipment. 
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EXPERIMENT 10 
THE DIFFERENTIAL AMPLIFIER 


Objectives: To design a differential amplifier that uses a BJT 
constant-current source. 
To modify the design by adding a DC balance con- 
trol. 
To investigate the characteristics of the modified cir- 
cuit. 


Introduction 


In this experiment, you will design a differential amplifier acording to the following 
specifications: 


а Vcc = +10V, Vee = — 10V. 
b. Is = 2.3тА. 


с. То obtain a large CMRR, the amplifier will use a BJT constant- 
current source similar to circuit number 1 in the constant-current 
source Design Guide. 


d. Three type MPS-A20 transistors will be used for the design. Once 
the circuit has been designed, we will discuss the concept of a 
balance control. You will then construct and experimentally verify 
the operation of the modified circuit. 
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Material Required 


ET-1000 Electronic Design Trainer 

Multimeter with leads 

Oscilloscope with probe 

Hookup wire 

Soldering iron 

3— NPN transistors (417-801) 

2— 4.7КО, 1/4-watt resistors (yellow-violet-red) 
2— 10k0, 1/4-watt resistors (brown-black-orange) 
1 — 2.2k0, 1/4-watt resistors (red-red-red) 

2 — 33k, 1/4-watt resistors (orange-orange-orange) 
1 — 1КО, 1/4-watt resistors (brown-black-red) 

1-- 1000, 1/4-watt resistors (brown-black-brown) 
1 — 2002 potentiometer (10-917) 

1 — Audio transformer (51-97) 

1— 10uF, 50V electrolytic capacitor 


COMPONENT PREPARATION 


a. Cut eight 2” hookup wires. Remove 1/4" of insulation from each 
end. 


b. Solder a prepared hookup wire to each of the three terminals on 
the 2000 potentiometer. 


c. Solder a prepared hookup wire to each of the five terminals on 
the audio transformer. 
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Procedure 
Refer to the circuit shown in Figure E10-1, and the Design Guide in Unit 6. 
1. 15 has been selected to бе 2.3mA. 


V 
2 Re = =e = C Ko 


Is 





3. Refer to steps 1-3 in the constant-current source Design Guide, circuit 
number 1. 


V 
a. Va, = E a Amt a 





b. Select Ry = Re = ЗЗКО. 


Vea — V 
c. ВЕ = SS = o 


4. Select Вв = 10КО. 


+10V 






INPUT 1 Ü INPUT 2 


Figure E10-1 


Circuit designed in steps 1-4. 


-10V 
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Discussion 


Your calculations for steps 1 through 4 should be similar to the following: 





1. Is = 2.3mA. 
1725 10V 
= = = 4.35КО. 
S. [E 2.3mA 
Vee 10 
Va, = = — =5V. 
° m 2 2 


4. Re = 10К0. 


Using standard resistance values, we select Rc = 4.7КО and Re = 1.8k for 
the actual circuit. 


As mentioned in the unit, it is very unlikely that the transistors in the differential 
pair, Т, and T>, will have equal Vse values. Recall, that any mismatch in Vse 
is amplified as a differential voltage. The emitter currents and DC collector volt- 
ages in T, and T2 will probably be unequal. 
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To compensate for this mismatch, a potentiometer can be added to the emitter 
circuit as shown in Figure E10-2. Here, the potentiometer is adjusted so that 
more resistance appears in the emitter circuit of the transistor with the lower 
value of Vse. Thus, the extra Vee drop in one transistor can be offset by the 
extra voltage drop across the emitter resistor, Re, or Re, of the other transistor. 
Without an AC input signal, the potentiometer is adjusted until the collector volt- 
ages are equal. This also helps to compensate for differences in collector resis- 
tance values caused by component tolerances. 


+10V 


4. 7kQ 4. 7kQ 





OUTPUT OUTPUT 
О 





-10V 


Figure E10-2 


Modifying the circuit in Figure E10-1 to include a DC balance control. 


The addition of a DC balance control significantly decreases the value of the 

differential voltage gain. Similarly, the input resistance looking into each input 

terminal is increased. 

Reor _ 
2 





Assuming the original amplifier is only slightly unbalanced, Re,~Re,~ 
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In this case, the following approximate formulas are useful: 


Нс 
Ag = А , x 
(НЕЯСНІ) 
Ам = 2hi(Re', + R'e). 


R 
Where Re = EDI. 


The value chosen for the potentiometer is usually not critical. Generally speaking, 
a 1000 or 2002 potentiometer proves satisfactory. 


Procedure (Continued) 


5. Construct the circuit shown in Figure E10-3. Adjust the “+” voltage 
control for 10 volts between the POS and GND terminals. Adjust the 
* —" voltage control for 10 volts between the NEG and GND terminals. 







OUTPUT 
O 1 





OUTPUT 
2 


INPUT1O O INPUT 2 


COLLECTOR 
(C) 


Figure E10-3 


Circuit for steps 5 through 11. 
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6. Connect one lead of the voltmeter to the collector of T, (output 1). 
Connect the other lead to the collector of T2 (output 2). Adjust the 
2002 potentiometer until the voltmeter reads 0 volts. 


7. Set the voltmeter to its lowest DC voltage range. Readjust the poten- 
tiometer (if necessary) until the meter reads 0 volts. 


8. Connect the voltmeter between the collector of T, and ground. Turn 
the negative voltage control until the voltmeter reads + 5V. 


READ THE CAUTION NOTE ATTACHED TO THE PARTS LIST BEFORE YOU 
CONTINUE THE EXPERIMENT. 


9. Connect the voltmeter between output 1 and output 2. Readjust the 
potentiometer (if necessary) so that the voltmeter reads 0 volts. (see 
Caution note attached to parts list.) 


10. With the voltmeter still connected, touch the plastic case of T4 with 
your finger. Watch the voltmeter closely as your finger warms the 
transistor. Does the reading change? — G Мһу? 


11. Remove your finger from the case of T,. Does the circuit return to 
its balanced condition? . . . . 


Discussion 


In step 5, you built a differential amplifier complete with a constant-current source. 
In steps 2 through 11, you adjusted the operating point and balanced the circuit 
so that equal currents flowed through T, and Ta. You saw that this balanced 
condition could be upset by temperature changes which affect one transistor 
more than the other. In practical discrete circuits, this problem can be partially 
overcome by clipping the transistors to a common heat sink. This will insure 
that temperature changes affect both transistors equally. 


With integrated circuits, the problem is minimized, since the transistors can be 
closely matched. Also, their close proximity insures that they remain at relatively 
the same temperature. 
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Procedure (Continued) 


12. 


13. 


14. 


15. 


If necessary, rebalance the circuit as indicated in step 9; then remove 
your voltmeter from the circuit. 


Connect the sine wave generator to the circuit via the potentiometer 
and 104F capacitor as shown in Figure E10-4. Notice that an input 
signal is applied to the base of T4 from the generator of the ET-1000. 
The 1kQ potentiometer is used as an amplitude adjust. 


“10у 
POS 
1KQ 
POTENTIOMETER 
ON ET-1000 









OUTPUT OUTPUT 
1 2 





T2 
417-801 


Figure E10-4 


Circuit for steps 12 through 28. 


“Veg 


Set the generator RANGE switch to LOW and the generator FRE- 
QUENCY to 1kHz. 


Connect the external trigger input jack of your oscilloscope to the 
generator SQUARE terminal on the ET-1000. Place your oscilloscope 
in the external triggering mode. Set the triggering polarity or slope 
switch to the “+” position. Connect the lead from the vertical input 
of your oscilloscope to the SINE terminal of the generator. Connect 
the ground lead of the oscilloscope to the ground connection in the 
circuit. Adjust the TIME/CM or horizontal sweep rate on the oscillo- 
scope until a few cycles of the sine wave are visible on the screen. 
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16. Adjust the horizontal position control on the oscilloscope so that the 
left side of the trace is visible on the screen. The first half-cycle of 


the waveform 5-0  _ = — going. How does the 
positive/negative 

phase of the sine wave produced by the generator compare with that 

of the square wave which you are using to trigger the oscilloscope? 





17. Connect the vertical input of the oscilloscope to the base of Т; 
in the circuit. Adjust the 1kQ potentiometer until the sine wave оп 
the base has a value of 0.2 volts peak to peak. Note the phase 
of the sine wave on the base. The first half-cycle is 


———— E 0 a x. Sing: 
positive/negative 


18. Use the oscilloscope to view and measure the sine wave at the collec- 
tor of T, with respect to ground. The sine wave at the collector is 
volts peak-to-peak. 


19. Compute the gain of the circuit by dividing the voltage set in step 
17 into the voltage measured in step 18. The gain of the stage is 


20. Compare the phase of the sine wave at the collector of T, with that 


on the base. The two signals are 
in phase/180° out of phase 


21. Use the oscilloscope to view and measure the sine wave at the collec- 
tor of T2 with respect to ground. The sine wave at the collector of 
Tois — volts peak-to-peak. 





22. Compute the gain of the circuit by dividing the voltage set in step 
17 into the voltage measured in step 18. The gain of the circuit is 
. 15 this approximately the same gain computed in 

step 19? : 





23. Compare the phase of the sine wave at the collector of T2 with that 


on the base of T,. The two signals are — 
in phase/180° out of phase 


24. Compare the phase of the sine wave at the collector of T2 with 
that at the collector of Tí. These two signals аге 


in phase/180? out of phase 
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25. Disconnect the external trigger input from the oscilloscope. Place the 
oscilloscope in the internal triggering mode. Stabilize the display using 
the triggering level control. 


26. Remove any ground connection between the oscilloscope and the cir- 
cuit under test. 


27. Connect the ground lead of the oscilloscope to the collector of T4. 
Connect the vertical input of the oscilloscope to the collector of To. 
Measure the amplitude of the sine wave between the two collectors. 
The signalis _________ volts peak-to-peak. 


28. Compute the gain of the stage by dividing the input voltage set in 
step 17 into the output voltage measured in step 23. The gain of the 
stage is How does this compare with that computed 
іп steps 19 апа 22? _ 


Discussion 


In this part of the experiment, you examined the operation of the single-input 
differential amplifier. You applied a 1kHz signal from the generator to the base 
of T, and you triggered the oscilloscope with a square wave from the generator. 
Because the square wave has the same phase as the sine wave, you can easily 
monitor the phase of the signal at any point in the circuit. In steps 16 and 17, 
you saw that the first half-cycle of the waveform appeared to be positive going. 


In step 17, you set the voltage on the base of Т, to 0.2 volts peak-to-peak.Next, 
you measured the voltage at the collector of T+ and found it to be about 2.2 
volts peak-to-peak. (Your measurement may vary somewhat from this typical 
value). This corresponds to a circuit gain of: 


2.2V 


— = 11. 


0.2V 


You also found that the signal at the collector of T, is 180° out of phase with 
the base. 


In step 21, you measured the voltage at the collector of Ta. You should have 
found a signal about the same amplitude as that on the collector of T,. This 
signal is in phase with the input signal and 180? out of phase with the signal 
on the collector of T,. 
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Next, you connected the oscilloscope to monitor the output between the two 
collectors. The differential output appears about twice the amplitude as either 
of the outputs considered separately. Thus, the gain of the stage appears to 
double when the differential output is used. 


Now let’s examine the characteristics of an amplifier with complementary inputs. 
To operate in this mode, the amplifier requires two input signals which are 180° 


out of phase. An easy way to get two out-of-phase signals is to use a transformer 
with a center-tapped secondary. 


Procedure (Continued) 


29. Construct the circuit shown in Figure E10-5. 





1 KQ 
POTENTIOMETER 
SINE ON ET-1000 






GENERATOR 


GND 


Figure E10-5 


Circuit for steps 29 through 33. 
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(CAUTION THE ADAPTER PLUG ON THE TRAINER IS REQUIRED) 


30. Remove any ground connection between the oscilloscope and the cir- 
cuit. Connect the ground lead of the oscilloscope to the base of T4. 
Connect the vertical input lead to the base of T2. 


31. Adjust the 1КО potentiometer until the differential input between the 
bases is 0.2 volts peak-to-peak. 


32. Connect the ground lead of the oscilloscope to the collector of T4. 
Connect the vertical input lead to the collector of T2. The differential 
output between the collectors has a value of volts 
peak-to-peak. 








33. Divide the input voltage set in step 31 into the output voltage measured 
in step 32. What is the gain of this stage? 


Discussion 


Although the overall differential input voltage is 0.2 volts peak-to-peak, the voltage 
on each base with respect to ground is only 0.1 volts. The output voltage should 
be about 5.6 volts peak-to-peak. Thus, the gain of the stage is about 28. 


The advantage of the differential input mode is not gain, but rather common-mode 
rejection. While the circuit will amplify differential inputs, it also rejects signals 
that are common to both inputs. We can verify this by intentionally introducing 
a common-mode signal. 
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Procedure (Continued) 


34. Modify the circuit as shown in Figure E10-6. Notice that this introduces 
a relatively high 60Hz signal at the center of the transformer. 





Figure E10-6 


Circuit for steps 34 through 37. 


35. Connect the ground lead of the oscilloscope to the ground in the circuit. 
Connect the vertical input lead to the base of T4. On a separate sheet 
of paper, draw the waveform that you observe on the base. Label 
the 60Hz common-mode signal. Label the 1kHz differential signal. 
Which signal is higher in amplitude? 


36. View the signal on the base of Tə. Does it appear the same as the 
signal on the base of T4? 
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(AGAIN, THE ADAPTER PLUG ON THE TRAINER IS REQUIRED.) 


37. Remove any ground connection between the oscilloscope and the cir- 
cuit. Connect the ground lead of the oscilloscope to the collector of 
T,. Connect the vertical input lead to the collector of T2. What is the 
amplitude of the 1kHz signal between the collectors? 
volts peak-to-peak. Is the 60Hz common-mode signal present at the 
collector circuit? — 1 1. 





Discussion 


In this part of the experiment, we deliberately applied a 4-volt peak-to-peak 
common-mode signal to the differential amplifier. Your sketch of the input signal 
should look somewhat like Figure E10-7. Notice that the signal we wish to amplify 
is barely visible. Nevertheless, the circuit responds to the tiny 1kHz signal and 
ignores the much larger common-mode signal. If the circuit is perfectly balanced, 
the 1kHz signal will be amplified normally. Only a slight trace of the 60Hz signal 
should be seen in the output circuit. 


COMMON- MODE 
COM PONENT 


60Hz 


— = 
lkHz ади em 


DIFFERENTIAL- MODE 
COM PONENT 








Figure E10-7 


Signed at the base of T;. 
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EXPERIMENT 11 


TWO STAGE AMPLIFIERS 


Objectives: To experimentally verify the operation of the two- 
stage amplifier designed in Unit 6. 
To introduce a voltage-series, negative feedback 
path in the amplifier. 
To investigate the characteristics of the feedback 
amplifier. 


Introduction 


Many applications require two or more stages of amplification in order to provide 
adequate voltage gain and/or resistance levels. In the first part of the experiment, 
you will construct a two-stage, RC-coupled voltage amplifier designed to provide 
a typical voltage gain of 500. 


Once the characteristics of the open-loop amplifier have been determined, you 
will introduce a voltage-series negative feedback path into the amplifier system. 
The characteristics of the closed-loop amplifier will then be evaluated, and com- 
pared with those obtained previously for the open-loop amplifier. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

2 — NPN type 2N3904 transistors (417-875) 
1 — 1000, 1/4-watt, 5% resistor 

1--2.2КО, 1/4-watt, 5% resistor 

3 — 8.2КО, 1/4-watt, 5% resistors 

3 — 10КО, 1/4-watt, 5% resistors 

2 — 27kQ, 1/4-watt, 5% resistors 

2 — 100КО, 1/4-watt, 5% resistors 

3 — 10pF, 50V electrolytic capacitors 

2 — 47рЕ, 50V electrolytic capacitors 
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Procedure 


1. With the power off, construct the circuit shown in Figure E11-1. Make 
sure the electrolytic capacitors are placed in the circuit with the correct 
polarity. 


15V 


Vo 


10kQ 





1kHz | 


1kQ POTENTIOMETER ON ET-1000 TRAINER 


Figure E11-1 


Two stage amplifier. 


2. Disconnect the lead going to the middle of the potentiometer to ensure 
that ум = 0. Turn the power on, and adjust the variable positive power 
supply to obtain 15V. 


3. The calculated values in Table E11-1 are based on those obtained 
in Example 6-15. Measure the actual terminal-to-ground voltages and 
record the measured values in the appropriate space provided in Table 
E11-1. 
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== 
СЕН ШЕГИН ИШЕН 
= 
eel 
pd 
ІТ. 





11.1V 
12.56V 


Table E11-1 





Terminal-to-ground voltages. 


Discussion 


The values measured in step 3 should be close to the calculated values. If they 
are not, you probably have one or more wiring errors. If you note a significant 
difference between a calculated and measured value, carefully check the wiring 
to locate and correct the problem. 


Procedure (Continued) 


4. Reconnect the lead going to the middle of the potentiometer. Adjust 
the potentiometer wiper to obtain a 0.5V peak, 1kHz output voltage. 


5. Remove the 10КО load resistor and note the peak output voltage. 
vo = NW peak. 


6. Connect а 2.2kQ resistor between the output of the amplifier and 
ground. Note the peak output voltage. 





vo = V peak. 


Discussion 


The output resistance of a common-emitter amplifier is approximately equal to 
RC. The output resistance of the amplifier in Figure E11-1 should be approxi- 
mately 2.2kQ. 


When В, = о, the voltage drop across the output resistance of the amplifier 
is OV. Similarly, when В, = Ro the voltage drop across the output and load 
resistors will be equal. The voltage measured in step 6, RL = 2.2kO, should 
be approximately one-half of the value measured in step 5 when R, was =. 


Procedure (Continued) 


7. Replace the 2.2k€ resistor with the 10k? load resistor. If necessary, 
readjust the potentiometer wiper so that: 


Vo = 0.5V peak. 


8. Connect an 8.2kQ resistor in series with the potentiometer wiper. Note 
the peak value of the output voltage. 


vo = ME w Vipeak: 


Discussion 


In Example 6-15 the amplifier's input resistance was calculated to be 8.68КО. 
This analysis assumed both transistors had an hi, of 100. The actual input resis- 
tance of your amplifier will depend upon the actual hi, values of your transistors. 


In step 8, part of the AC input voltage is dropped across the series 8.2КО resistor. 
The remaining portion of the AC input voltage is dropped across the input resis- 
tance of the amplifier. For example, if Rin = 8.2kO, the AC input voltage would 
divide equally between the series resistor and Rn: 


vo = 0.25V peak. 


The value of vo measured in step 8 depends upon the actual input resistance 
of your amplifier. In any event, you should have noted a significant decrease 
in vo when the 8.2kQ resistor was connected in series with the potentiometer 
wiper. Typically, vo will decrease by approximately 50% since Rix is approximately 
8.2k0. 
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Procedure (Continued) 


9. With vo = 0.5V peak, examine the AC voltage at the base of To, 
and the AC input voltage ум. The series 8.2k© resistor should be 
removed for these measurements. 


Discussion 


The amplifier in Figure E11-1 was designed to provide a “typical” second-stage 
gain of 50, and a first-stage gain of 10, with a total voltage gain of 10 (50) or 
500. Assuming the actual stage gains are 10 and 50 respectively, the value of 
ув, and ум required for a 0.5V output voltage are: 


0.5V 
VB, = 50 = 10mV peak. 





10mv 





VIN — = 1mV peak. 


To accurately measure these voltages, you need an oscilloscope with a vertical 
sensitivity better than 10mV/division. Even if you have such an oscilloscope, 
it is quite possible that you will have difficulty making accurate measurements 
due to the presence of noise voltage at the input of the amplifier. 


Since the voltage gain of the second stage varies directly with re, the total voltage 


gain of your amplifier will possibly differ significantly from 500. In any case, the 
actual total voltage gain should be greater than 200. 


Procedure (Continued) 


10. Modify the circuit as shown in Figure E11-2. This modification in- 
troduces a negative voltage-series feedback path in the circuit. 


11. Adjust the potentiometer wiper so that vo = 0.5V peak. 


12. Connect a 2.2kQ resistor between the output of the amplifier and 
ground. Note the peak output voltage: 


vo = ——_______V peak. 


E 
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lk Hz 


13. 


14. 


15: 


15V 


Figure E11-2 


Feedback amplifier. 


Remove the 2.2kQ load resistor. Next connect an 8.2КО resistor in 
series with the potentiometer wiper. Note the peak output voltage: 


vo = —— V peak. 


Remove the series 8.2k() resistor. With vo = 0.5V peak, measure 
the input voltage: 


VIN М peak. 
Calculate the closed-loop gain of your amplifier: 


ç 0.5V 
vin(step 14) 
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Discussion 


The introduction of the negative, voltage-series feedback loop should have pro- 
duced the following changes in the amplifier: 


a. A lower output resistance. 
b. Ahigher input resistance. 
c. Alower, more stable, voltage gain. 


Let's briefly discuss each of these changes. 
OUTPUT RESISTANCE 


Without feedback, you found the amplifier's output resistance to be approximately 
2.2КО, in step 6. When a 2.2kQ load resistor was used in step 12, you should 
have observed a much smaller change in vo, when compared to the approximate 
0.25V change noted in step 6. This indicates that an amplifier with feedback 
has a lower output resistance than an amplifier without feedback. 


INPUT RESISTANCE 


Without feedback, the output voltage decreased when an 8.2k resistor was 
connected in series with the signal source in step 8. The corresponding decrease 
in the output voltage of the feedback amplifier in step 13 should have been smaller 
than the change in step 8. This indicates that the feedback amplifier has a larger 
input resistance than the original amplifier. 


VOLTAGE GAIN 


In Figure E11-2, the voltage gain of the feedback network is: 


ОЙ 5, = I = 0.0099 
В; + R2 1000 + 10КО j ` 


, 


Thus, the closed loop voltage gain is: 


Де = ае 
к= Ae 1 + Ао (0.0099) ` 
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The value of the closed-loop voltage gain obtained in step 15, depends upon 
the actual value of your amplifier’s open-loop gain. 


Table E11-2 summarizes the closed-loop voltage gains you can expect for open- 
loop voltage gains between 200 and 800. 


=== = 





Table E11-2 


Open-loop and closed-loop gains for B' = 0.0099. 


It is likely that the value of Ac, obtained in step 15 falls within the range provided 
in Table E11-2. 
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EXPERIMENT 12 


JFET 


Objectives: To design and experimentally verify the operation 
of a self-bias, common-source voltage amplifier. 
To construct and verify the operation of an analog 
multiplexer. 


Introduction 


In this experiment, you will examine a typical JFET data sheet to determine mini- 
mum and maximum parameter values. You will then design a self-bias, common- 
source amplifier based on average parameter values. You will then construct 
the amplifier and take appropriate data, so you can compare calculated and actual 
responses. 


In the second portion of the experiment, the concept of an analog multiplexer 
will be introduced. As you will see, this versatile circuit is easily implemented 
with FETs. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

2 — N-channel 2N5458 JFETs (417-291) 

1 — 2200, 1/4-watt, 5% resistor 

1 — 2.2kQ, 1/4-watt, 5% resistor 

1 — 10КО, 1/4-watt, 5% resistor 

2 — 1kQ, 1/4-watt, 5% resistors 

1 — 1М0, 1/4-watt, 5% resistors 

2 — 1p F, 50V electrolytic capacitors 

1 — 47uF, 50V electrolytic capacitor 
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Procedure 


1. Refer to ће 2N5458 data sheet in Appendix B, and record the following 
values: 


Ipss(MIN) = ————— — —— MA. 


Ipss(MAX) = —— — — ——————maA. 


VGs(OFF-MIN) = —— — — — — — V. 
VGs(oFF-MAX) “-------У. 
Әтомім) = —— — — — —— mS. 


Ото(мАх) = ———— ———— —— mS. 
Qos) = —————— — —— mS. 


QosiM = ———————————1mS. 


2. Based on the data listed in step 1, calculate the average value of: 


loss =-тА. 
Mes oF а aman V; 
Оло TA emer 2422 ms 


Figure E12-1 shows a self-bias common-source amplifier. The specifi- 
cations for this amplifier are as follows: 


Rin > 825k. 
Ay = —5 (typical). 


F+ = 500Hz. 







Мор = 15V. 


Ipo ғ” O.6lpss. 


Vo 


Figure E12-1 RI =10kQ 


x5 common-source amplifier. 
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3. Selecta suitable value for Re. 
Re = 
4. Calculate the value of gm for the given bias conditions. 
got mS: 
5. Calculate the value of Rs. 
Rs = 
6. Calculate the value of Rp. 
Во = 


7. Calculate the minimum acceptable values for the coupling and bypass 


capacitors: 
С = 
C2 - 
C3 = 
8. Based on the values calculated previously, estimate the Vaso and 
Voa. 
Vedas m -=y 
Mos мү 
Discussion 


Your calculations for steps 1-8 should be similar to the following: 


1. Via the data sheet, the minimum and maximum parameter values аге: 


PARAMETER MINIMUM MAXIMUM 
lpss 2mA 9mA 
Qmo 1.5mS 5.5mS 


Jos 
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In the data sheet note: 
a. gmois listed as [Ytd] 
b. gosislisted as |Yosl. 
c. Both Yi and Yos are given in units of u mhos.. 
d. The data sheet does not provide a minimum value for Yos. 


Since units of siemens, S, are preferred for conductance values, we 
elect to express gmo and gos in these units, rather than mhos. 


The data sheet does not list a minimum value for Yos since the 
maximum value is the worst case value. Recall that rg = 1/gos. Thus, 
the smallest value of rg you would expect for a 2N5458 JFET is: 


2. Тһе average parameter values are: 


2mA + 9mA 
ea теге. = 5.5mA. 


-1У + (-7У) _ 
- Ж 


Мєс(ОЕЕ) = —4N. 


1.5mS + 5.5mS 
gmo = РР — = 3.sms. 


Note the “typical” data sheet values are approximately equal to the 
average values. 


3. Since Rin = Re, a standard value 1MQ resistor satisfies the require- 
ment: 


Rin > 825k0. 
4. When lp = O.6lpss and Ат = 0.7749mo: 


Qm = 0.774(3.5mS) = 2.71mS. 
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5. in a self-bias circuit, the approximate value of Rs required to make 
Ip = O.6lpss is: 


6. First calculate the required value of rL. Using the value of gm calculated 
in step 4: 


n- VW — — = BART 
Om 2.71mS 


Since the worst case value of rg is 20kO, and 20kQ is large when 
compared to the calculated 1.84КО, you can neglect rg. The required 
value of Rp is: 


R Rn _ 10тан a 
D= R rm  TOkQ -= 1.84k0 p 


7. Тһе minimum capacitor values are: 


3.18 
C = — чэй озбыр; 
Ғы 500(1МО) 
Q2 alee = a neon. 
ЕВ, ^ 500(10kQ) 
3.18 
cU 219, sa a9. 


F,Rs 500(214.30) 


8. When lp = O.6lpss and Vaso = 0.225Vas(orr): 
Vesa = 0.225(—4V) = —0.9V. 
Ip = O.6lpss = 0.6(5.5mA) = 3.3mA. 
Vp = Voo — !рВь = 15V — 3.3mA(2.25kQ) = 7.6V. 


Vpo = 7.6V. 





(4 


Experiments 


~ Procedure (Continued) 


9. 





With the power off, construct the circuit shown in Figure E12-2. Be 
careful to observe the correct polarity for the electrolytic capacitors. 
Also, note the lead connections for the JFET. 


10kQ 






100kQ POTENTIOMETER ON 
ET-1000 TRAINER 


Figure E12-2 


Circuit designed in steps 1 through 8. 


10. Turn the power on, and adjust the supply voltage to 15V. With vin 


11. 


= OV, measure the terminal-to-ground voltages: 


Ve = к а Ones 
Vp = TI эү 
Vs = NE 


Adjust the 100kO potentiometer to obtain a 1V peak output. Record 
the value of ум that produces the 1V peak output. 


V peak. 


VIN = —— 


9-123 
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12. Calculate the measured voltage gain; 


1V » 
vin(step 11) 


Ам = 
13. Remove the 10КО load resistor, and note the peak output voltage: 
vo = V peak. 


14. Calculate the amplifier's output resistance using the following formula: 


Ro = [vo(step 13) - 1V]10kN =_ — kQ. 





15. Reconnect the 10k load resistor. Next, connect a 1М0 resistor in 
series with the potentiometer wiper. Record the peak output voltage: 


peak. 


vo = 





Discussion 


Since ls = 0 and Vpro = 0. The value of Ус measured in step 10 should be 
very close to OV. Using “average” parameter values, Vaso was calculated to 
be —0.9V in step 8. Vp was calculated to be 7.6V. Since Vs = —Vgg, the 
calculated value of Vs is -(-0.9У) ог + 0.9V. The values of Ур and Vs measured 
in step 10 will depend upon the actual parameter values of your particular JFET. 
However, in most cases, the calculated and measured terminal-to-ground volt- 
ages will not differ by more than 25%. 


The voltage gain measured in step 12 depends upon the actual value of gm 
for your particular JFET. Assuming an “average” JFET, the voltage gain will be 
approximately 5. 


The method used in step 14 to measure the amplifier’s output resistance is similar 
to the method used for BJT circuits. Since Ro = Rp, the value of Ro calculated 
in step 14 should be approximately 2.2k0. 


Since Rin = Но, the voltage gain is halved when a resistor equal to Ң is con- 
nected in series with the amplifier. Consequently, the value of vo measured in 
step 15 should be approximately 0.5V peak. 
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ANALOG MULTIPLEXER 


In addition to serving as an amplifying device, a JFET can also function as an 
electronic switch. A block diagram of an analog multiplexer is provided in Figure 
E12-3. Note that: 

a. Numerous inputs are applied to the multiplexer - v1, v2, эл. 


b. Тһе multiplexer provides a single output, vo. 


c. Numerous select lines, S4, бо,” Sn are provided. 


Vi 









INPUT ) V2 
SIGNALS 


ANALOG 


MULTIPLEXER ПЕШ 


VN 


SiS? SN 
EL U MM 
SELECT LINES 


Figure E12-3 


Block diagram of an n-channel analog multiplexer. 


The function of the multiplexer is simply to connect one of the input lines to 
the output line. 


By applying an appropriate signal to 51, the output line is connected to the first 
input line. In this case, vo = v4. Similarly, by applying the appropriate signal 
to So, vo = vo, and so forth. 


In this way, the user can select which input signal is transmitted through the 
multiplexer to the output line. The various input lines are normally referred to 
as channels. 
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A simplified version of a two-channel JFET analog multiplexer is shown in Figure 
E12-4. Note that the gate voltage, —8V, applied to T4, is more negative than 
Усе(оғғ). For this reason, T, is cutoff and therefore functions as an open switch. 
The signal applied to channel one is not transmitted to the output. The gate 
voltage applied to T2 is essentially OV, and since the gate is connected to ground 
via the 1kQ resistor, T2 conducts - approximating a closed switch. In this case, 
the signal applied to channel 2 is transmitted to the output. 


Т 


Fiytlkdz 


VV 





Figure E12-4 


A two-channel analog multiplexer. 


If — 8V were applied to the gate of Ts, rather than T4, T2 would act like an open 
switch, and Т, would act like a closed switch. In this case, the signal applied 
to channel 1 would be transmitted to the output. 


Naturally, if —8V were applied to both gates, vo would, ideally, equal OV since 
both JFETs would act as open switches. Similarly, if each gate voltage was zero 
volts, both JFETs would conduct. In this case, vo would be a complex wave 
that would represent the sum of the signals. 
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For proper circuit operation, the component values in Figure Е12-4 are chosen 
so that: 


a. |Vs| > |Мсѕоғғумлх]. 
b. Rp >> raon (for this particular JFET). 


c. Нс<1КО. 


Procedure (Continued) 


16. Dismantle the circuit used in the first part of the experiment. Adjust 
the variable negative supply voltage to —8V. Then turn the power 
off. 


17. Construct the circuit shown in Figure E12-4. The pulse and triangular 
input signals for channel 1 and channel 2 are available on the ET-1000 
Trainer. 


18. Turn the power on. Verify the operation of the multiplexer by noting 
the output voltage for the following conditions: 


Ve, = — 8V, Ve, = OV. 
Vo, = Va, = OV. 
Ve, = OV, Va, = —8V. 


Va, = Va, = -8V. 


Discussion 


The circuit should operate in the manner described earlier. Consequently, you 
should have noted the following: 


Ve, Ұс, vo 

-8У OV Triangular wave 
OV —8\/ Риве 

–8у — 8V = 0V 
oV OV Complex wave 


Analog multiplexers are used in data transmission systems, function generators, 
and many other applications. Numerous IC analog multiplexers are available that 
simplify system design. 
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EXPERIMENT 13 


FREQUENCY EFFECTS 


Objective: To investigate the effect of frequency variations in 
a typical RC-coupled common-emitter amplifier. 


Introduction 


In an RC-coupled amplifier, coupling and bypass capacitors constitute high-pass 
filters which shape the low-frequency region of the overall frequency response 
curve. For this reason, the amplifiers lower cutoff frequency, F4, approximately 
equals Ғы, Fe, or Fe,, whichever is larger. 


Similarly, the input and output capacitances function as low-pass filters which 
determine the high-frequency characteristics of the amplifier. The amplifier's upper 
cutoff frequency, Рг approximately equals Fp, or Fe, whichever is smaller. 


In this experiment, you will measure the cutoff frequencies of the x 10 common- 
emitter amplifier designed in Experiment 4. 


You will use several different capacitor values so you can independently examine 
the effect of each internal filter. 


Material Required 


Heathkit Engineering Design Trainer ET-1000 
Oscilloscope 

1 — NPN type 2N3904 transistor (417-875) 
1 — 2.2k0, 1/4-watt, 5% resistor 

1 — 3.3КО, 1/4-watt, 596 resistor 

1 —3.9kO, 1/4-watt, 5% resistor 

2 — 1200, 1/4-watt, 5% resistors 

2 — 5600, 1/4-watt, 5% resistors 

1 — 0.01 pF, 25V ceramic capacitor 

1 — 0.14 F, 25V ceramic capacitor 

1 — 1pF, 50V electrolytic capacitor 

1 — 0. 1p F, Mylar* capacitor 

3 — 47yF, 50V electrolytic capacitors 


* Dupont registered trademark, Heath #A-8 27-77. 


Test Circuit 


The test circuit that you will construct in this experiment is illustrated in Figure 
E13-1. Note that a 6000, 20dB attenuator has been placed between the signal 
source and the amplifier. The purpose of the attenuator is twofold. First, the 
attenuator serves to reduce the amplitude of the signal source so that the amplifier 
is not overdriven. Second, the attenuator provides an effective Thevenin or source 
resistance, when viewed from the amplifier's input terminals, of approximately 
6000. This is important, since the cutoff frequencies of the base and emitter 
filters depend upon the specific value of Rs. 





2.2kQ 


| 
EN Е 20dB ATTENUATOR 


SIGNAL SOURCE ON ET-1000 TRAINER 


Figure E13-1 


x 10 common-emitter amplifier. 
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Procedure 


The amplifier in Figure E13-1 was designed so that Ica = ЗтА and Ay = — 10 
in the mid-frequency region. For calculation purposes, we will assume һе = 
200 andr,’ = 12.30. 


1. Calculate Віқваве) from Rinwpase) = hre(Re, + Ге): 
Riga = КО. 
2. Calculate Rin from Rin = RallRinease): 
Rin ek 


RellRs a fe : 
hte 


3. Calculate R' from R’ = 
[ms __ 22 
4. Calculate Reg from Reg = Re (Ве, + R’) 


Rea m 


5. Neglecting rp’, Rs’ = RsllRe, calculate Rs’: 


6. Calculate г from r. = Rcl|R:: 
n = 
7. Using the previous calculations, compute: 
Rs + Rin = 
Rc + Ri = 
Rea = 


Rs'llRinease) 
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Discussion 


The purpose of steps 1-7 is to get the preliminary calculations completed so 
that you can proceed with the experiment. Your calculations for step 1-7 should 
be similar to the following. 


1. Rinasey = hre(Re, + ге’). 
= 200(1200 + 12.30). 
= 26.46КО. 


2. Rin = RallRingase)- 
= 3.9kQ||1.5k0||26.46k0. 
= 1.08k0||26.46k0. 
= 1.04К0. 


1.08k0||6000, 
= =a + 12.30. 


_ 285.70 


+ 12.3 = 14.230. 
200 


4. Rea = ReJ(Re, + R’). 
= 1.5kQ|(1200 + 14.230). 
= 123.20. 
5. Rg’ = RslRs = 6000|1.08k0 = 385.70. 
6. n = Вс|В, = 3.3k0|2.2k0 = 1.32k0. 
7. (Rs + Rin) = 6000 + 1.04КО = 1.64КО. 
(Вс + Ri) = 3.3k0 + 2.2kQ. = 5.5k0. 
Reo = 123.20. 


Не |ІНімвлве) = 385.70|26.46k0 = 3800. 
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Procedure (Continued) 
8. The cutoff frequency of the high-pass base filter is: 


1 
EQ — s = 
E 2n(Rs + Rin)C, 


Since 1/2т = 0.159 and (Rs + Rin) = 1.64КО, we have: 


0.159 
F m = 
' (4.64kN)C, 


Calculate the value of Fp, for Сі = 0.01uF, ОЛЫҒ, and 1ҺҒ. Record 
your calculated values in the space provided in Table E13-1. 





Table E13-1 


High-pass base filter. 


9. То ensure that the high-pass base filter has a cutoff frequency higher 
than Р. and Fe, we will make С» equal to Сз and large compared 
to C4. Thus: 


Co = Сз = 47pF. 


With C, = 0.01uF construct the circuit shown in Figure E13-1. As 
usual, make sure the electrolytic capacitors are placed in the circuit 
with the correct polarity. 


10. Turn the power on and set the frequency control to obtain a 100kHz 
output signal. 
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11. Measure the peak input, ум and output voltage, vo 


VIN = ——— ———— Мреак. 





vo = V peak. 


Since the amplifier was designed to provide a mid-frequency voltage gain of 
10, the ratio of vo to им should be close to 10. 


12. Decrease the frequency of the input signal until vo = 0.707 times 
the value measured in step 11. Record the measured frequency in 
Table E13-1. 


13. Repeat step 12 for Сі = O.1uF and C4 = 1pF. 


Discussion 


The values calculated for Ғы, in step 8 are: 


с, Fb (caL) 
0.01uF 9.7kHz 
0.1 pF 940Hz 

1pF 97Hz 


Since component values were used to ensure Fp, > Fc, and Fp, > Fe,, the value 
of Fp, essentially establishes the amplifier's lower cutoff frequency, F4. 


Due to parameter variations and component tolerances, the values of F4 mea- 
sured in steps 12 and 13 probably differ from the values calculated in step 8. 
Typically, your calculated and measured values in this portion of the experiment 
will be within 30% of each other. 
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Procedure (Continued) 


14. Тһе cutoff frequency of the high-pass collector filter is: 


З 
21(Ас + АЈС; ` 


Fo = 


Substituting 0.159 for 1/27, апа 5.5КО for (Вс + R_) yields: 


_ 0159 
^7 (5.5КО)С» ` 


Calculate the value of Fc, for C4 = 0.01uF, 0.14 F, and 1ҺҒ. Record 
your calculated values in Table E13-2. 











Table E13-2 


High-pass collector filter. 


15. To ensure that the high-pass collector filter has a cutoff frequency 
higher than Рь and Fe, we will select: 


C, = C3 = 47yF. 
With Co = 0.01uF, adjust the frequency of the input signal to 10kHz. 
Now decrease the frequency until vo = 0.707 times the value mea- 


sured in step 11. Record the measured frequency in Table E13-2. 


16. Repeatstep 15 for Co = 0.14 F and Co = 1p F. 
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17. The cutoff frequency of the high-pass emitter filter is: 


1 
ЖИЕГІНЕ 
Substituting 0.159 for 1/2т and 123.20 for Reg yields: 


_ 0.159 
“” (123.20)Сз ` 


Calculate the value of Fe, for C3 = 0.01pF, ОЛЫҒ, and 1ҺҒ. Record 
your calculated values in Table E13-3. 





Table E13-3 


High-pass emitter filter. 


18. By making C4 = Со = 47uF, the cutoff frequency of the high-pass 
emitter filter will be higher than F», and Ре. 


Following a procedure similar to the one used for the base and collector 
filters, measure Е; for Сз = 0.01pF, ОЛЫЕ, and 1ҺЕ. Record the 
measured values in Table E13-3. 


о —  _ _ __ у у í __ 


Discussion 


The calculated values for steps 14 and 17 are: 


STEP 14 STEP 17 
C; Fc«cAL) Cs Fe,(CAL) 
0.01ҺҒ 2.89kHz 0.01 nF 129kHz 
0.1uF 289Hz 0.1pF 12.9kHz 
1ҺЕ 28.9Н2 1ҺЕ 1.29kHz 


In steps 15 and 16, Р. dominates. Similarly, in step 18, Fe, dominates. Con- 
sequently, the values of F4 measured in steps 15 and 16 should approximately 
equal the values of F., calculated in step 14. Similarly, the values of F4 measured 
in step 18 should roughly agree with the calculated values of Fe, in step 17. 


Procedure (Continued) 


In order to predict the cutoff frequencies of the low-pass base and collector filters, 
you need to know the values of Cin and Co. Typically, CiN and Co have values 
in the pF range. 


To simplify the experimental procedure we will: 


a. Let C, = С» = Сз = 47ypF. This ensures that the lower cutoff 
frequency, F4, will be quite small. 


b. When examining the low-pass collector filter, we will shunt В, with 
a 0.14 F capacitor. This essentially makes Co = 0.1pF, and en- 
sures that Fc, < Рь,. 


c. When examining the low-pass base filter, we will connect a 0.1рЕ 
capacitor between the transistor's base and ground. 


This makes CiN essentially equal to 0.1F and ensures that Fp, 
SE 


By shunting the input or output with a large, 0.1,.F capacitor, the 
upper cutoff frequency, Fo, will be low enough so that it is easy 
to measure. 


Sl s ss 


19. 


20. 


The cutoff frequency of the low-pass collector filter is: 


1 
Fa = ———. 
E 2л Со 


Calculate F., assuming г. = 1.32kO and Co = 0.1pF. 
Рекса) = — 
With С, = C2 = Сз = 47pF, adjust the frequency of the signal source 


to 10kHz. Connect a 0.1.F Mylar, capacitor in parallel with the 2.2k0. 
load resistor. 


21. Reduce the frequency of the signal source until уо = 0.707 of the 
mid-frequency value. Record the measured value of Fo. 
Fo = 
22. The cutoff frequency of the low-pass base filter is: 
57” 1 
^ — Pm(Rs'lRiaseCN | 
Calculate Fp, assuming (Rs'llRiN(gase) = 3800 and CiN = 0.1pF. 
Ғыса) = ——əƏ — ——— 

23. Remove the 0.1рЕ Mylar capacitor from R,. Connect the capacitor 
between the base of the transistor and ground. Adjust the frequency 
of the signal source to 10kHz. 

24. Reduce the frequency of the signal source until уо = 0.707 of the 
mid-frequency value. Record the measured value of Fo. 

F2 = 
Discussion 


The values of F., and Fp, calculated іп steps 19 and 22 respectively, are: 


Fo, = 4.18kHz. 


Fp, = 1.2kHz. 


Consequently, the values of F2 measured in steps 21 and 24 respectively, should 
be approximately equal to the calculated values. 
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APPENDIX B 


DATA SHEETS, CIRCUIT 
CONFIGURATIONS, PARAMETERS, 
AND DESIGN GUIDES 


B-2 | Appendix B 


INTRODUCTION 


This appendix is a compendium of the circuit configurations, parameters, and 
design guides found throughout this text. The caption indicates the unit from 
which the material was obtained. For instance: 


TABLE 1-3 
Approximate BUT Formulas (from Page 1-35) 


Indicates that the discussion concerning this table can be found in Unit 1 near 
Page 35. 
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MJE170 u MJEI72 PNP сом) 
MJE180 mu MJEI82 NPN 


COMPLEMENTARY PLASTIC SILICON 
POWER TRANSISTORS 
. designed for low power audio amplifier and low current, high atelier 
speed switching applications. POWER TRANSISTORS 


© Collector-Emitter Sustaining Voltage — Samples res eo 


VCEO(sus) = 40 Мас — MJE170, MJE 180 40-60-80 VOLTS 
= 60 Мас — MJE171, MJE181 12.5 WATTS 


= 80 Vdc — MJE172, MJE182 

ө DC Current Gain — 

hee = 30 (Min) @ Iç = 0.5 Аас 

= 12 (Min) @ Ic = 1.5 Adc 

@ Current-Gain — Bandwidth Product — 

fT = 50 MHz (Min) @ Iç = 100 mAdc 
е Annular Construction for Low Leakages — 

ICBO = 100 nA (Max) © Rated Vcg 





MAXIMUM RATINGS 


MJE170 
E OSEE 


Collector-Base | Collector-Base Voltage ||| 


meme pun oss Le qol 


Emitter-Base Voltage NY B 


Collector Current — Continuous 
Peak 


Total Device Dissipation © TA = ENS ——— 5 = 
Derate above 25°C ------0012-----| wc 
Total Device Dissipation @ Tc = 25°C Watts 
Derate above 25°C w/°c 

5 - oc 














Therma! Resistance, Junction to осму 
Ambient 


FIGURE 1 — POWER DERATING 
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CONTACT AREA 


a 
E 
« 
š 
= 
о 
= 
xn OTTOM 
š (8 ) 
ol. 

z 

5 

Бо. 

5 

é 


im 
Pen m “= = 
жыны ГЕЙ =-= ЕЕЕ] Е) М раш ЕД 
00 =] EN 
т 
СА$Е 7703 
T, TEMPERATURE (°C) 





Appendix B B-5 


- MJE170, MJE171, MJE172, MJE180, MJE181, MJE 182 (continued) 


ELECTRICAL CHARACTERISTICS (Тс = 25°C unless otherwise noted) 


Characteristic 
OFF CHARACTERISTICS 


Collector-Emitter Sustaining Voltage 
(Ic = 10 mAdc, Ів = 0) MJE 170, MJE 180 
MJE171, MJE 181 
MJE 172, MJE 182 





Collector Cutoff Current 
(Vcg = 60 “ас, Ig = 0) MJE170, MJE180 
(Vcg = 80 Vdc, Ig = 0) MJE171, MJE181 
(Vcg = 100 Vdc. Ig = 0) MJE172, MJE182 
(Vcg = 60 Vdc, Ig = 0, Tc = 150°C) MJE170, MJE 180 
(Vcg = 80 “ас, IE = 0, Tc = 150°C) MJE 171, MJE 181 
(vce = 100 “ас, lg = 0, Tc = 150°C) MJE 172, MJE 182 





ON CHARACTERISTICS 


DC Current Gain 
(Ic = 100 mAdc, Vcg = 1.0 Vdc) 
(Ic = 500 mAdc, Vcg = 1.0 Vdc) 
(Ic = 1.5 Аас, Vcg = 1.0 Vdc) 


Collector-E mitter Saturation Voltage 
llc = 500 mAdc, Ig = 50 mAdc) 
(Ic = 1.5 Adc, Ig = 150 mAdc) 
(Ic = 3.0 Аас, Ів = 600 mAdc) 


Base-Emitter Saturation Voltage 
(Ic = 1.5 Аас, ig = 150 mAdc) 
(Ic = 3.0 Абс, ің = 600 mAdc) 


Base-Emitter On Voltage 
(Ic = 500 mAdc, “сЕ = 1.0 Vde) 


DYNAMIC CHARACTERISTICS 
Current-Gain — Bandwidth Product (1) 
{Ic = 100 mAdc, Vcg = 10 Vdc, frest = 10 MHz) 


Output Capacitance 
(Vcg = 10 Увс, Ig = 0, f = 0.1 MHz) MJE 170/MJE 172 
MJE 180/MJE 182 








(1) fr = he | © frest 


FIGURE 2 — SWITCHING TIME TEST CIRCUIT 





Усс 
«30v 
ви = 
ЕН “ zz 
v 
вв SCOPE ч == 
v= š = 
= e 
-90v Е EB 
51 Di ДЕ ilu 
te t 10 ns — = I ГЫ 
DUTY CYCLE = 1.0% Е -4v 


Вв snd Rc VARIED TO OBTAIN DESIREDCURRENT LEVELS 


01 MUST ВЕ FAST RECOVERY TYPE, sg: Т IL | l 1 
М805300 USED ABOVE Ig ~100 mA . 0.05 0.07 0.1 02 03 
MSD6100 USED BELOW 18 =100 mA 
For PNP test circuit, reverm өй politus. Ic, COLLECTOR CURRENT (AMP) 
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MJE170, MJE171, MJE172, MJE180, MJE181, MJE182 (continued) 


FIGURE 4 — THERMAL RESPONSE 


rit), TRANSIENT THERMAL 
RESISTANCE (NORMALIZED) 


о о 
S 


ascle) = г(0өЈс 


8jC = 109C/W Max 


== PULSE TRAIN SHOWN 


— READ TIMEAT t1 





2.0 5.0 10 20 50 100 200 


t, TIME (ms) 


ACTIVE-REGION SAFE OPERATING AREA 


FIGURE 5 – MJE170, MJE171, MJE172 


= — — = — THERMALLY LIMITED е 
Te = 25°C (SINGLE PULSE). 
SECONO BREAKDOWN LIMITED 
CURVES APPLY BELOW 7 
RATEO Усе0 7” MJET/0— 


Ic, COLLECTOR CURRENT (AMP) 





МСЕ, COLLECTOR-EMITTER VOLTAGE (VOLTS) 


There are two limitations on the power handting ability of a 
transistor — average junction temperature and second breakdown. 
Safe operating area curves indicate іс — Vcg limits of the tran- 
sistor that must beobserved for reliable operation; i.e., the transistor 
must not be subjected to greater dissipation than the curves indicate. 

The data of Figures 5 and 6 is based on Трк) = 150°C: Tc is 


FIGURE 7 — TURN-OFF TIME 


Vcc = 30 vo 
1с^їв=10 —J 


1, TIME (ns) 


PNP MJE170/MJE172 
— — NPN МЈЕТ80/МЈЕ182 





0.03 0.05 0.0? 0.1 02 03 05.0) 1.0 20 30 


IC. COLLECTOR CURRENT (AMP) 


FIGURE 6 — MJE180, MJE181, MJE182 





02 THERMALLY LIMITED & 
Tc = 25°C (SINGLE PULSE) 
0.1 Œ „a SECOND BREAKDOWN LIMITE 
0.05 ; CURVES APPLY BELOW ——3 


1с, COLLECTOR CURRENT (AMP) 





[TRATED VCED 
0.02 IL t 
0.0 || ñ i 1 
1.0 20 30 50 70 10 20 30 50 70 100 


VCE, COLLECTOR-EMITTER VOLTAGE (VOLTS) 


variable depending on conditions. Second breakdown pulse limits 
are valid for duty cycles to 10% provided Трк) < 150°C. TJ(pk) 
may be calculated frorn the data in Figure 4. At high case tempera- 
ture, thermal limitations wil! reduce the power that can be handled 
to values less than the limitations imposed by second breakdown. 
(See AN-415) 


FIGURE 8 — CAPACITANCE 


PNP MJE17 MJE172 
— — NPN MJE180/MJE182 


C, CAPACITANCE (pF) 





05 07 10 20 30 50 7.0 10 20 30 50 


VR, REVERSE VOLTAGE (VOLTS) 
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MJE170, MJE171, MJE172, MJE180, MJE181, MJE 182 (continued) 


PNP NPN 
MJE170, MJE171, MJE172 MJE180, MJE181, MJE182 


FIGURE 9 — DC CURRENT GAIN 
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hee, OC CURRENT GAIN 
hFE. OC CURRENT GAIN 
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IC. COLLECTOR CURRENT (AMP) 1С, COLLECTOR CURRENT (АМР) 


FIGURE 10 — “ON” VOLTAGES 
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FIGURE 11 — TEMPERATURE COEFFICIENTS 
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MPS-A20 («шсоһ) 
MPS-K20, MPS-K21, 
MPS-K22 


NPN SILICON 
AMPLIFIER 
TRANSISTORS 


NPN SILICON ANNULAR TRANSISTORS 


. . designed for use in audio, radio, and television applications. 


MPS-K20, MPS-K21, MPS-K22 ara 3, 5 and 9 
Transistor Kits Available in Varied hgg Ranges — 
See Tabla 1 

High Breakdown Voltage — 

BVcgo = 40 Мас (Min) @ Ic = 1.0 mAdc 

Low Collector-Emitter Saturation Voltage — 
VCE(sat) = 0.25 Vdc (Мах) @ Ic = 10 mAdc 

Low Output Capacitance — 

Cop = 4.0 pF (Max) @ Vcg = 10 Vdc 





MAXIMUM RATINGS 





Collector Current — Continuous 


Total Device Dissipation @ VAS Loads to fit into 
Derate above 25°C gog 


Operating and Storage Junction 
Temperature Range 


OIA HOLE (TYP) 








THERMAL CHARACTERISTICS 


бекен}: | symb | max | Unit | 





Thermal Resistance, Junction to Ambient 0. 367 


{1) Continuous packege improvements have enhanced these guaranteed Maximum Ratings as 
follows: Pp * 1.0 W € Tc = 25°C, Derate above 25°C — 8.0 mW/C, Ty = -65 to +150°C, 
Ө ус = 1259 C/w. 


CASE 29-02 
TO-92 





Appendix B B-9 


MPS-A20, MPS-K20, MPS-K21, MPS-K22 (continued) 


ELECTRICAL CHARACTERISTICS (1, = 25°C unless otherwise noted) 


OFF CHARACTERISTICS 


Collector-Emitter Breakdown Voltage 
(с = 1.0 mAdc, Ig = 0) 


Emitter-Base Breakdown Voltage 


| e = 100 pAdc, Ic z 0) 
Collector Cutoff Current 
“св = 30 Vdc, lg =0) 





ON CHARACTERISTICS 


DC Current Gain 


(Ic =5.0 mAde, Vcg, = 10 Vdc) 


CE 


Collector-Emitter Saturation Voltage 
Gc 7 10 mAdc, Ig 7 1.0 mAdc) 





DYNAMIC CHARACTERISTICS 


Current-Gain- Bandwidth Product 
(с = 5.0 mAdc, Vcg = 10 Vdc, f 2100 MHz) 


Output Capacitance 
“св = 10 Vdc, Ie z 0, f = 100 kHz) 





FIGURE 1 — SIMPLIFIED AC EQUIVALENT CIRCUIT (Common Emitter) 


BASE т Cob COLLECTOR 
O 







(hfe * 1) re Co 


Кош FIGURE 2 — SMALL SIGNAL CURRENT GAIN 
ots: 


Data for MPS-A20 is presented in terms of tha equivalent H ЕРЕЕН 
Circuit shown іп Figure 1. Values for its components may be 
found or calculated as follows: 


š 










ч [=з ЕБ Ерй 
гь’ — See Figure 8 Cob = Cop — 0.2 pF (See Figure 6) m= Bas =as-- 
re = 26 mV/!E gm = 1/re 200 BEITT 
дс = (hfe +1) hop (See Figures 2 & 7) 
Ce атта Co = 0.2 pF 


Low frequency h parameters may be found from: 





hie = rp + (hfe +1) ге 
hfe = See Figure 2 

һге = Negligible 

hog = (hfe + 1) hob 


һа, SMALL SIGNAL CURRENT GAIN 





20 3.0 5.0 


IC, COLLECTOR CURRENT (mAdc) 


A _______ 


MPS-A20, MPS-K20, MPS-K21, MPS-K22 (continued) 


FIGURE 3 - NORMALIZED DC CURRENT GAIN FIGURE 4 — "SATURATION" AND “ОМ” VOLTAGES 


ООО 
ii ee ez ZR 
ETE HIE 





V, VOLTAGE (VOLTS) 


hFE. NORMALIZED OC CURRENT GAIN 





0.2 
0.2 05 10 20 50 10 20 9 100 20 01 02 03 050710 2030 5070 10 20 30 5070 100 
Ic, COLLECTOR CURRENT (mAdc) Іс, COLLECTOR CURRENT (mAdc) 
FIGURE 5 — CURRENT-GAIN—BANDWIDTH PRODUCT FIGURE 6 — CAPACITANCES 





A 
BOLENE БЕ ! 


С, CAPACITANCE (pF) 


au E 
c PL 











fr. CURRENT-GAIN-BANOWIDTH PRODUCT (MHz) 


20 14 
05 07 10 20 30 5070 10 20 30 50 04 060810 20 40 60 8.010 20 40 
IC, COLLECTOR CURRENT (mAdc) VR. REVERSE VOLTAGE (VOLTS) 
FIGURE 7 — OUTPUT ADMITTANCE FIGURE 8 — BASE SPREADING RESISTANCE 














гь, BASE SPREADING RESISTANCE (OHMS] 








hob, OUTPUT ADMITTANCE (umhos) 
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2N3903 (ѕисом) 
2N3904 


NPN silicon annular transistors, designed for gen- 
eral-purpose switching and amplifier applications, 
features one-piece, injection- molded plastic package 
CASE 29(1) for high reliability. The 2N3903 and 2N3904 are com- 

plementary with PNP types 2N3905 and 2N3906, re- 
(10-92) spectively . 


MAXIMUM RATINGS 


Collector-Emitter Voltage Er 
Collector-Base Voltage | Yeo | 
Emitter-Base Voltage I 


ШЕГІН БЕТТЕН Ü] 


40 


СоПесіог Сиггепі 
Total Device Dissipation @ ТА =125°© 


Derate above 25°С 


Operating and Storage Junction T y Та -55 to +150 Ao 
Temperature Range 6 


THERMAL CHARACTERISTICS 


Characteristic = | Mx | Unit | 
Thermal Resistance, Junction to *C/mW 
Ambient 
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2N3903, 2N3904 (continued) 


ELECTRICAL CHARACTERISTICS (тд = 25°C unless otherwise noted) 
Quractwisric Ne. Min Max Unit 
OFF CHARACTERISTICS š 


Collector -Base Breakdown Voltage 
6- = 10 mde, Ip = 0) 


Collactor-Ezmitter Breakdown Voitage* 
(i, = 1.0 mAd, 1 = 0) 


Emitter-Base Breakdown Voltage 


(Ig * 10 Mde, Iç ° 0) 
Collector Cutoff Current 
(Veg * 30 Véc, Veg on 
Base Сиюй Current 
(Veg = 30 vc, Veron 
ON CHARACTERISTICS 


DC Current Gais* 
(c = 0.1 mA, ү 


“3.0 ес) 


= 3.0 Vác) 





сЕ“ 1.0 Vde) 


(Ig = 1.0 тАбс, Yor = 1.0 Vác) 

(o * 10 mAdc, Vog = 1.0 Vác) 

с = 50 «А, Yor = 1.0 Уб) 

(Ig = 100 mA&, Vog = 1.0 Vdc) 
Collector -Emitter Samration Voltage” 

Дс “10 mAd, I, = 1.0 mAd) 

e = 50 mAd, Ig = 5.0 mAd) 
Base-Emitter Saturation Voltage’ 


(ig = 10 mAd, Ip = 1,0 mAd) 
Дс * 50 mA, 1, «5.0 mAd) 





SMALL-SIGNAL CHARACTERISTICS 


Current-Gain— Bandwidth Product 
fic = 10 пА&, Veg * 20 Vé, f = 100 MHz) 


Output Capacitance 
(Veg = 5.0 Vác, 1, «0, f = 100 kHz) 


Input Capacitance 
Wax = 0.5 Vác, с * 0, f = 100 kHz) 


Input Impedance 
(Ig * 1.0 mAde, Yog = 10 Vác, f = 1.0 kis) 


Voltage Feedinck Ratio 


Te = 1.0 mAd, V, 


сЕ" 10 Vde, f = 1.0 kHz) 


Small-Signal Current Gain 
u = 1.0 mAde, Vor = 10 Vá, f = 1.0 kHz) 


Output Admittance 


(c = 1.0 mAde, У 


сЕ ` 10 Vác, f = 1.0 kHz) 


Noise Figure 
= 100 ЏАде, Yor ж 5.0 Vé, Rs = 1.0 k ohms, 


f = 10 Hz to 15.7 kHz) 
SWITCHING CHARACTERISTICS 








= Pulse Test: Pulse Width = 300 мв, Duty Cycle = 2.0%, 








FIGURE 1 — DELAY AND RISE TIME EQUIVALENT TEST CIRCUIT FIGURE 2 — STORAGE AND FALL TIME EQUIVALENT TEST CIRCUIT 
10<t, < 500 t 
алуға О cen je OY +30 V x cuneate | 7 109v +30 V 





je cane 
et. 


š шы үт 


*Total shunt capacitance of test jig and connectors 
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2N3903, 2N3904 (continued) 


TRANSIENT CHARACTERISTICS 


— T, = 25°C 


FIGURE 3 — CAPACITANCE 
ШИ онн сз лаза с: 9029 8 +1 оа неа ала АЙ 
GR GB НЯ И Т E] 





10 
01 0203 050710 20 30 5070 10 20 30 40 
REVERSE BIAS VOLTAGE (VOLTS) 


FIGURE 5 — TURN-ON TIME 


[T—ISEITIHEEEZEXILELL K= 0 
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JN 
NN 
Sees му 


х= s 
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m umi 


ПОТЕ 7 





во 
10 20 30 50 70 0 
їс. COLLECTOR CURRENT (тА) 


FIGURE 7 — STORAGE TIME 


wt 
Ht 


t^, STORAGE TIME (ns) 





50 
10 20 30 $0 70 10 
1с, COLLECTOR CURRENT (тд) 


20 30 50 70 100 200 


20. 0 50 70 100 200 


Т, = 125°C 


FIGURE 4 — CHARGE DATA 


: lj A LID DK A i a 155p wu PLI EN T. 
кол ТҮТИ ef E O D 1 g 


T үү ТЕЦ 2 
ЕЕЕ 164 



















O. CHARGE ipt) 


% 
10 20 30 507010 2 3 % 70 100 29 
іс, COLLECTOR CURRENT (mA) 


FIGURE 6 — RISE TIME 
KI—-9--H 4 HJ4--2H 


Voc = 40V 
a lc/h = 10 


t. RISE TIME ins) 





5.0 
10 20 30 5070 10 2% 3 5 7 10 20 
їс. COLLECTOR CURRENT (mA) 


FIGURE 8 — FALL TIME 
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ty, FALL TIME (ns) 
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2N3903, 2N3904 (continued) 


AUDIO SMALL SIGNAL CHARACTERISTICS 


NOISE FIGURE VARIATIONS 
FIGURE 9 Vee = 5.0 Vdc, T, = 25°C FIGURE 10 


ү и ЛУП 
МЕЕ ЕЕЕ ЕР [| 
SOURCE RESISTANCE =m | {| | [КЕ 
Ж. ааз TU 


le = 10 


NF, NOISE FIGURE (48) 





01 02 04 10 20 40 9 2 4 19 
1, FREQUENCY (kHz) h PARAMETERS Rs. SOURCE RESISTANCE (k ohms) 
(Vc = 10 Vde,f = 10kHz, T, = 25°C) 
FIGURE 11 — CURRENT GAIN FIGURE 12 — OUTPUT AOMITTANCE 
300 00 
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1с, COLLECTOR CURRENT (тА) 1с, COLLECTOR CURRENT (тА) 
FIGURE 13 — INPUT IMPEDANCE FIGURE 14 — VOLTAGE FEEDBACK RATIO 
n — 
an io 
BSC 
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2N3903, 2N3904 (continued) 


STATIC CHARACTERISTICS 


FIGURE 15 — NORMALIZED CURRENT GAIN 
LEE T d Aci 
Ex 








hee, NORMALIZEO CURRENT GAIN 

















le, COLLECTOR CURRENT (mA) 


FIGURE 16 — COLLECTOR SATURATION REGION 


le = 100 mA 
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FIGURE 18 — TEMPERATURE COEFFICIENTS 
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2N3905 (вішсом) 
2N3906 


PNP silicon annular transistors, designed for gen- 
eral purpose switching and amplifier applications, 
features one-piece, injection- molded plastic package 

CASE 29(1) for high reliability. The 2N3905 and 2N3906 are com- 
(10-92) plementary with NPN types 253903 and 2М3904, re- 


spectively . 


MAXIMUM RATINGS 


[Rating [уы | ve | ші | 
Collector-Emitter Voltage sae OG Ба ИШ 
W 


=" A 
[ошенте [Yen | “ _ 
[кешесез |ы [з 

[x o9 |а 


Collector Current 













Total Device Dissipation @ T а 25°С 
Derate above 25°C 


Уско 
Усв 
VEB 
Operating and Storage Junction T р Totg 
Temperature Range 


THERMAL CHARACTERISTICS 













Characteristic 


Thermal Resistance, Junction to 


Ambient 


0.357 
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2N3905, 2N3906 (continued) 


ELECTRICAL CHARACTERISTICS (тс = ERROR unless otherwise noted) 


OFF CHARACTERISTICS 


Collector-Base Breakdown Voltage BVcpo 
{lg = 10 wAdc, Ip = 0) 


Collector-Emitter Breakdown Voltage (1) 
(I, = 1.0 made, I, * 0) 


Emitter-Base Breakdown Voltage 


Collector Cutoff Current 


(Veg = 30 Vdc, Vegan = 3.0 Vdc) 


Base Cutoti Current 
= 30 Vc, V ga (er) 


ON CHARACTERISTICS 


DC Current Gatz Í 1) 
(Ig = 0.1 mAde, Vcg 


y 1.0 mAde, Vog = 1.0 Vde) 
(e E 10 mAde, Vog = 1.0 Vee) 
(Ig = 50 made, V 


2 3.0 Vdc) 





= 1.0 Уа) 


се" 1.0 Vé) 


(Ig = 100 mAde, Vag = 1.0 Vóc) 


СЕ 
Collector-Emitter Saturation Voltage (1) 
(Ig = 10 шАйс, lg = 1. 0 mAdc) 
вс = 50 mAde, Ip = 5.0 mAd) 
Base-Emitter Saturatioa Voltags (1) 
(Ig = 10 mAd, I, = 1.0 mA&) 
(1, = 50 mAde, lg = 5.0 mA&) 


SMALL-SIGNAL CHARACTERISTICS 


Current- Galn— Bandwidth Product 
(e= 10 mA, Vor = 20 Vác, f = 100 MHz) 


Output Capacitance 
“св = 5.0 Væ, қ = 0, f = 100 kHs) 


Input Capacitance 
Wag * 9.5 væ, lc = 0, f = 100 kHz) 


tapot Impedance 
(Ig = 1. 0 mAde, У 


ce = 10 Vé, {= 1.0 kHz) 


Voltage Feedback Ratio 
(Ig = 1.0 mA&, Vcz = 10 Væ, f = 1.0 kHz) 


Small-Signal Current Gain 
а = 1. 0 mAde, Vor = 10 Уде, f = 1.0 kHz) 


Output Admittance 
(lc = 1.0 шАж, Vog = 10 Véc, f = 4.0 kHz) 


Noise Figure 
(Ic = 100 pde, Vog = 5.0 Vc, Rs = 1. 0 k ohm, 


f = 10 Br to 15. 7 kHz) 
SWITCHING CHARACTERISTICS 
(Voc * 3-0 Vee, Vpg(oen 7 0.5 Vee, 
Ip * 10 mAde, Ig; = 1.0 mAde) 


(Voc = 3.0 Væ, к = 10 mAd, 
lg, = lpg * 1-0 mA&) 





(1) рање Test: Pulse Width = 300 us, Duty Cycle = 2.0%. 


FIGURE 1 — DELAY AND RISE TIME EQUIVALENT TEST CIRCUIT FIGURE 2 — STORAGE AND FALL TIME EQUIVALENT TEST CIRCUIT 
—30¥ +алу 1 tec 10m —30 v 





10« ti < 500 ps 
илүстцЕ=2% "7 tà = 


* Total shunt capacitance of test jig and comectors 
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2N3905, 2N3906 (continued) 


TRANSIENT CHARACTERISTICS 
—T, = 25°C ---T, = 125°C 
























FIGURE 3 — CAPACITANCE FIGURE 4 — CHARGE DATA 
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2N3905, 2N3906 (continued) 


AUDIO SMALL SIGNAL CHARACTERISTICS 
КОБИНЕ решт VARIATIONS С 


сє = 


FIGURE 9 FIGURE 10 
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f, FREQUENCY (kHz) Re, SOURCE RESISTANCE (к ohms) 


h PARAMETERS 
(Ме = 10 “ас, f = 1.0 kHz, T, = 25°C) 


E n — CURRENT GAIN е __ FIGURE 12 — OUTPUT ADMITTANCE 


hy,, CURRENT GAIN 


Noe, OUTPUT ADMITTANCE (то) 





01 02 05 10 20 50 10 
їс, COLLECTOR CURRENT (mA) їс. COLLECTOR CURRENT (mA) 


FIGURE 13 — INPUT IMPEDANCE FIGURE 14 — VOLTAGE FEEDBACK RATIO 
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2N3905, 2N3906 (continued) 


STATIC CHARACTERISTICS 


FIGURE 15 — NORMALIZED CURRENT GAIN 
| COE 
=e ЕНЕ ЯТТЫ: 
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FIGURE 16 — COLLECTOR SATURATION REGION 
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ШІ | ОТТЕГІН ГІ 
ГР? 
 TLTIIIIIILILLHSRE T ТІНІН 
ШШЕН asam] — [eea Шкетан ш 
LLITTTTE LLLI, ~S5°C TO +25° 
ТІПІН ЕТІГІН 


ВЕЕ 
ари 























[— н 


Appendix B B-21 


2N5457 
(M) MOTOROLA 2N5458 
2N5459 





JUNCTION 
FIELD-EFFECT 
TRANSISTORS 


SYMMETRICAL 
SILICON 
N-CHANNEL 


JULY 1968 — DS 5207 R2 
(Replaces DS 5207 R1) 


SILICON N-CHANNEL 
JUNCTION FIELD-EFFECT TRANSISTORS 


Type A 


. .. depletion mode (Type A) transistors designed for general-purpose 
audio and switching applications. 


N-Channel for Higher Gain 

e Drain and Source Interchangeable 

High AC Input Impedance 

High DC Input Resistance 

Low Transfer and Input Capacitance 

Low Cross-Modulation and Intermodulation Distortion 
Unibloc* Plastic Encapsulated Package 


























MAXIMUM RATINGS 3 E 
"m- Seong one 6185 
Characteristic ci 
Drain-Source Voltage 
Leads to fit into 
Drain-Gate Voltage 0.016 0.500 
0.019 IN 
Reverse Gate-Source Voltage DIA HOLE (ТҮР) —e 
Gate Current 
Total Device Dissipation @ T,= 25°C 0050 = 
Derate above 25°C 0050 
Р 





Operating Junction Temperature 135 





Storage Temperature Range -65 to +150 








0.085 p 0.045 
0.095 ` 


To convert inches to millimeters multiply by 25.4 


АН JEDEC dimensions and notes apply 


CASE 29-01 
TO-92 
PLASTIC 


*Trademark of Motorola Inc. 


MOTOROLA Semiconductor Products Inc. ^ SUBSIDIARY OF MOTOROLA INC 
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2N5457, 2N5458, 2N5459 





ELECTRICAL CHARACTERISTICS п, 25°C unless otherwise noted) 

































































Characteristic Symbol | Min | Тур | Max | Unit | 
OFF CHARACTERISTICS 
Gate-Source Breakdown Voltage BVGss уас 
(Ig = -10џАас, Vpg = 0) -25 — — 
Gate Reverse Current Icss nAdc 
(VGs = -15 Vdc, Vps = 0) — - -1.0 
(Vgs = -15 Vdc, Ур = 0, ТА = 100°C) — — -200 
[ 
Gate-Source Cutoff Voltage VGs(ott) Vdc 
(Vps = 15 Vdc, Ip = 10 nAdc) 2N5457 -0.5 = -6.0 
2N5458 -1.0 = -7.0 
255459 -2.0 -- -8.0 
Gate-Source Voltage Vos Vdc 
(Vps = 15 Vdc, Ip = 10044Adc) 2N5457 — -2.5 = 
(Vps = 15 Vdc, Ip = 200 Adc) 2N5458 — -3.5 = 
(Ур = 15 Мас, Ip = 400 u Adc) 2N5459 ЕР -4.5 — 
ON CHARACTERISTICS 
= 
Zero-Gate-Voltage Drain Current* Ipss* mAdc 
(Vps = 15 Vdc, Vgs = 0) 2N5457 1.0 3.0 5.0 
2N5458 2.0 6.0 9.0 
2N5459 4.0 9.0 16 
DYNAMIC CHARACTERISTICS 
Forward Transfer Admittance* | yrs |° 
(Vps = 15 Vdc, VGs = 0, f = 1 kHz) 2N5457 1000 3000 
2N5458 1500 4000 
2N5459 2000 4500 
Output Admittance* |Yos | 
(Vps = 15 Vdc, Vgg = 0, f = 1 kHz) = 10 
Input Capacitance Giss 
{Vps = 15 Vdc, Vas = 0, f = 1 MHz) — 4.5 
Reverse Transfer Capacitance Crss 
(Vps = 15 Vdc, VGs = 0,f = 1 MHz) = 1.5 








*Pulse Test: Pulse Width < 630 ms; Duty Cycle < 10% 


MOTOROLA Semiconductor Products Inc. 


BOX 20912 * PHOENIX. ARIZONA 85036 » A SUBSIDIARY OF MOTOROLA INC 


1848-5 PRINTED IN (GA 7-7] IMPERIAL LITHO 823460 м 


Original Formula Approximate Formula 


Ic — !сво 


lg + IcBo 


Ic = Вів + !сво (B + 1) 
іс = Blg + сео 





TABLE 1-3 
Approximate BJT Formulas (from Page 1-35) 
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Original Formula Approximate Formula comment | 


lg = 0 


lc = le = lceo 





Collector and emitter 
terminals approximate 



















lc = le = 0 


VcE(cu) = Vec — Ісео Rc VcE(cu) = Voc an open circuit. 

























lg 2 1в(за!) Collector and emitter 
БҮТҮНҮ | Vcc — Vce(sat) I Vcc terminals approximate 
uration = —— = — "e 
sax = Rc mai - a shortcircuit. 
Voce = Vee (sat) VcE(sat = 0 





Ves — Уве 
lg = ———_ M -IHí 
Вв 
lc 7: Blg = le 


Operating point is 
usually near the 

middle of the load 
line. 















Vcg = Veco — IcRc 


TABLE 2-1 


Summary Of Modes And Formulas For The Common-Emitter 
Base-Biased Circuit. (from Page 2-13) 






SATURATION 
Ig = ІВ (sat) 





VCE (sat) VCE (cut) 


Ісео 





SATURATION AND CUT OFF POINTS ON THE DC LOAD LINE. А QUIESCENT, 0, OPERATING POINT IN THE ACTIVE REGION. 


Figure 2-2 


The DC load line (from Page 2-11) 
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1 ee 
R 
EMITTER Ев : 
FEEDBACK 
(A) 
NPN R 
CIRCUIT E 


1 


Усс 
R 
COLLECTOR Re C 
AND 
EMITTER 
FEEDBACK 
(B) 
NPN 
CIRCUIT А: 


VOLTAGE 
DIVIDER 
(C) 


Vec 
Rc 
RE 
NPN 


СПА СШ 


V 


cc 
Rc 
Rg 
eps 


“NPN CIRCUIT 


EMITTER 
(D) 


1 
Rg 





Figure 2-33 


Emitter Feedback. 

Collector and Emitter Feedback. 
Voltage Divider. 

Emitter. 


NPN and complementary PNP circuits for typical biasing schemes. 
Box 3 shows how the PNP circuit appears on most 
schematic diagrams. 

(from Page 2-88) 


pop» 
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Parameter 


Approximate Formula 


= 
2 


AC emitter current 


6 ` 
D 
m 
+ 
o` 







AC collector current 


ó 
lI 
d 


AC base current 








O 

| 

=F s 
Fls 


Voltage gain 


Current gain 


=j 
= 
% 

= 
ғ 


Ромег даіп Д жаздыр санам 
: 2 Re, + Te’ 


Input resistance (base) Rinease) = hie(Re, + re") 
Input resistance (total) Rin = RallRinease) 


Ro = 


> ` 
< 
І 
ED 
e І 
+ |2 
o 


D 
о 


Output resistance 


Comments 
Bac = hte 


37mV 


26mV 
< le < | 
Е 


V ; 
i . For purposes of calculation, use re’ = 
E Е 








Typically 








Re = RillR2 for the voltage divider circuit. 






Re 
Ay + 1 





Re = Re’ = for the collector feedback circuit. 


TABLE 3-1 


Common-Emitter AC Formula Summary Guide 
(from Page 3-44) 
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(А) DC LOAD LINES 




















Ic 
Vcc 
Ret КЕ 
УсЕ 
Усс 0 VCC + VEE 
EMITTER FEEDBACK,COLLECTOR EMITTER BIAS CIRCUIT 
FEEDBACK, AND VOLTAGE 
DIVIDER CIRCUITS 
Ic 
@ Ico * š m m s : 
E AC LOAD LINE SLOPE - 
К+ гр 


DC LOAD LINE 
x= 


УсЕО 108 


THE AC LOAD LINE 


Vcr 


Figure 3-22 


Common emitter DC and AC load lines. (from Page 3-51) 
A. DC load lines. 
B. The AC load line. 
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Parameter 


Approximate Formula 
VIN 


AC emitter current 






AC collector current ic = be 


AC base current 


Voltage gain 





Current gain 





Power gain 


Input resistance (total) Rin = Ве (Не, + ге’) 


Comments 


Output resistance 









B 
= = —— =1,whereB = h 
Qac he (B jr 1) te 
37mV 


lE 













: 26ту 52т\/ А 
Typically, VIO eS = | . For purposes of calculation use г.’ = 
E E 
Rinis small compared to a common-emitter circuit. 


vo and ум are in phase with each other. 


TABLE 4-1 


Common-Base AC Formula Summary Guide 
(from Page 4-11) 
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Input resistance (base) Rincaase) = hrel + Ге!) 


2 3 VIN 
AC emitter current ü = Е 
Re + lek 
AC collector current ic = ly 
[7 
AC base current оа 
hie 
Voltage gain i 
oltage gai = 
d d TY 
Nef 
x р tet 
rL + re 


Input resistance (total) Rn = Быйһып + re’) 


RallRs 


Ro = [re' + he 





Output resistance АЕ 


Соттепіѕ 


Rinis large, Ro small, and Ay = 1. 





Applications include buffers and impedance matching. 


vo and ум are in phase with each other. 


TABLE 4-2 


Common Collector/Emitter-Follower AC Formula Summary Guide (from Page 4-39) 
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short-circuit input impedance 


short-circuit forward current gain 


open-circuit reverse voltage gain 


open-circuit output admittance 





TABLE 4-3 


Hybrid Parameters from Page 4-71 


Voltage gain ee 
з һүгһәзп. — hal + haar) 


Input resistance 


Output resistance 





TABLE 44 


Two-Port Network Hybrid Parameter Formulas (from Page 4-73) 
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Short-circuit input 
impedance. 


Short-circuit forward 
current gain. 


Open-circuit reverse 
voltage gain. 


Open-circuit output 
admittance. 





TABLE 4-5 


BJT h parameter Notation (from Page 4-74) 
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hic = hie 


hi = —(hre + 1) 





TABLE 4-6 


Approximate h Parameter Conversion Formulas (from Page 4-75) 


Approximate Equivalents 


1 _ he 
1 (he + 1) he + 1 





TABLE 4-7 


Useful Conversions 
(from Page 4-80) 


A 
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Single Supply Dual Supply 
Voc — 1.4V 2Vcc — 1.4V 
В, + R2 R, + R2 


Мс, 


















Vs, = Vcc — IR: 
Ve, = Усс т 0.7V 
Ve, = IR; 


A; = hre, Ар =A;Av 


Rin = RillRallhre(Re + re’) 


TABLE 5-2 


Summary of approximate formulas for the single and dual supply, 
complementary-symmetry push-pull class AB amplifiers. 
(from Page 5-71) 
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(vin) (vo) (vo) 
Input Voltage(s) Differential Voltage Output Voltage 


Single-Input, 
Single-Output 


Single-Input, 
Differential-Output 


Dual-Input, 
Single-Output 


Dual-Input, 
Differential-Output 


Differential-Input, 
Single-Output 


Differential-Input, 
Differential-Output 





Table 6-1 


Differential Amplifier operating modes. 
(from Page 6-35) 
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DIFFERENTIAL AMPLIFIER DESIGN GUIDE 


Усс 


Select Is. 


Calculate Rc. 


Vee — Vee 


Calculate Re. = | 
s 


Select Rs. Вв = 1КО to 10КО is typical. 


To obtain a large CMRR, use a BJT constant current source in place of Re. In this case, 
step 3 is replaced by steps 1 through 3 in the constant current source design guide. 





(from Page 6-39) 
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Calculate Va. 


Select R, & Нә. 
(10КО to 47КО is typical.) 


Calculate Re. 


CONSTANT CURRENT SOURCE DESIGN GUIDE 
(from Page 6-40) 


Select Vz. Vz = 1/3 to 1/2 


Vee 
Vz — Vee 


Calculate Re. | 
s 


Vee - Vz 


Iz 


Calculate R. 


Calculate Vg. 


Calculate Re. 


Select Н, & Ro. 
(10КО to 47КО is typical.) 
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IGFETs 
(MOSFETs) 


ENHANCEMENT 
N Р 
CHANNEL CHANNEL 


N p 
CHANNEL CHANNEL 


N 
CHANNEL 


DEPLETION 
P 
CHANNEL 












Figure 7-47 


FET family tree. 
(from Page 7-81) 
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INDEX 
AMPLIFIERS CAPACITOR SELECTION, 3-63 
Common-Base, 1-28, 4-7 
Common-Collector, 1-28 CIRCUIT CONFIGURATIONS 
Common-Emitter, 1-28, 2-13, 3-17 Common Base, 4-6 
Common-Source, 7-59 Common-Collector, 4-32 
Common-Drain, 7-65 Common-Emitter, 3-29 
Impedance Matching, 4-41 Class A, 5-10 
Power Amplifier, 5-6 Class AB, 5-58 
Push-Pull, 5-54 Class B, 5-54 
Quasi-Complementary, 5-73 Class C, 5-80 
AMPLIFIERS - CLASS OF OPERATION COUPLING 
Class A, 5-10 Direct, 3-15 
Class AB, 5-58 RC, 3-16 
Class B, 5-54 Transformer, 3-16, 5-30 
Class C, 5-80 

CROSSOVER, 3-57 

BIAS 
Base Bias, 2-8, 2-28, 2-52 CUTOFF, 2-6 
BJT Bias, 1-27 
Collector and Emitter Feedback, 2-48, 2-52 
Collector Feedback, 2-46, 2-52 DARLINGTON PAIRS, 4-46, 5-72 
Combination Bias, 2-61 
Comparing Bias Schemes, 2-97 DESIGN GUIDES - APPENDIX B 
Emitter Feedback, 2-38, 2-52, 4-17 Class A Power Amplifiers, 5-33 to 5-35 
Hybrids, 4-76, 4-77 Class AB Power Amplifiers, 5-75 to 5-77 
JFET, 7-38, 7-44 Common-Emitter, 3-67 to 3-70 
MOSFET, 7-55 Common-Base, 4-23 to 4-25 
NPN Biasing, 2-88 Common-Collector, 4-32, 4-55, 4-58 to 4-60 
PNP Biasing, 2-83, 2-88 
Stable Bias, 2-61 DESIGN PROCEDURES - APPENDIX B 
Voltage Divider, 2-62, 2-73 Common-Base, 4-6 


Common-Collector, 4-57 
BUFFERS, 4-41 Common-Emitter, 3-62, 3-65 


Index | 


„ DESIGN SUMMARIES - APPENDIX B 
Common-Base, 4-11 

Common-Collector, 4-39 

Common-Emitter, 3-44 

Diode-PN Junction, 1-7 

Distortion, 3-57, 3-60, 5-44, 5-47, 5-49 

Distortion Crossover, 3-57 

Negative Clipping, 3-59 

Positive Clipping, 3-59 


EFFICIENCY, 5-16 
EMITTER BYPASS, 3-63 
EMITTER FOLLOWER, 4-50 
EXPERIMENTS - UNIT 9 


FORMULAS 

BUT, 1-35 

Class AB & B, 5-65, 5-71 
Common Base, 4-11 
Common Collector, 4-39 
Common Emitter, 3-44 
FETS, 7-26 

Hybrids, 4-73 

Hybrid Conversions, 4-80 


FETS 


Characteristics Curves, 7-16, 7-18 - APPENDIX B 


CMOS, 7-32 

IGFET, 7-22 

JFET Construction, 7-6 

MOSFET, 7-22 

Pinch-Off Voltage, 7-12 
Transconductance Curve, 7-16, 7-18 
VMOS, 7-32 


FET/BJT COMPARISON, 7-34 


FREQUENCY SPECTRUM, 4-58 


GAIN 

Ay (Voltage), 3-7 

A; (Current), 3-7, 4-11 
Ap (Power), 3-7 


HALF-WAVE RECTIFIER, 1-9 
HYBRIDS, 4-69, 4-71 

H PARAMETERS, 4-74, 4-75 
JFET, 9-6, 7-3 


LOAD LINES - APPENDIX B 
AC, 1-22, 3-50, 4-14, 4-39 
DC, 1-19, 2-11, 3-50 

Intercept Points, 2-17, 2-79 
Majority Carriers, 1-30 

Miller Resistance, 3-41 
Model-AC, 3-22 

Model-DC, 3-22 

NPN-Biasing, 2-88 

Operating Point, 1-19, 1-22, 2-30 
Q Point, 1-19, 1-22, 2-11, 2-30 


OPERATING REGION 
Acitive, 2-7 

Cutoff, 2-6 

Saturation, 2-7 


PARAMETERS - APPENDIX B 
AC, 3-25 

BJT, 1-37 

BJT h, 4-74, 4-75 

Hybrid, 4-69, 4-71 

JFET, 7-21 

PNP Biasing, 2-83, 2-88 

Q Point, - See Load Lines 
Rectifier, Half-Wave, 1-9 
Reference Point, 2-85, 2-87 


|-4 ЫЕ ЕС 22а 


RESISTANCE - APPENDIX В SEIMENS, 4-72 

AC-Dynamic, 1-11 

Input, 3-13 TRANSISTOR DEFINITION 1-6 
Output, 3-14 Bipolar, 1-25, 7-3 

Miller Input, 3-41 BJT, 1-25, 7-3 

Miller Output, 3-41 Unipolar, 7-3 


Two-Port, 4-69 
SATURATION-AC, 3-52 





